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Wood waste containing formaldehyde based resins are generated yearly and
disposed in landfills or burned. No regulations exist in most states and no studies have
been conducted to address formaldehyde emission from wood waste buried in landfills.
The objective of this study was to: a) determine the amount of formaldehyde released into
air and leachate from MDF disposed in a simulated landfill, b) analyze the environmental
impacts of leachate containing formaldehyde, and c) investigate change in chemical and
morphological properties of disposed MDF. Sampling of MDF, soil and leachate were
conducted for determination of formaldehyde weekly for 56 days by HPLC.
Environmental impacts of leachate was determined by BOD, COD, and toxicity.
Changes in the chemical composition and morphological structures were also determined.
No detectable formaldehyde was observed in MDF, soil or leachate after 28 days. The
BOD and COD levels indicated the leachate was not suitable for drinking.
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CHAPTER I
INTRODUCTION

The forest products industry was developed to meet the building needs of humans
and has grown worldwide (Youngquist et al. 1996). Many forests have been destroyed
by reckless clear-cutting practices causing people to be concerned about the future of
forest, wildlife diversity, wood production, and the aesthetics (McNutt et al. 1992).
However, current supplies of forest products materials are not sufficient to meet ordinary
building needs. Therefore, wood composites were developed mostly during the past 40
years by the forest products industry (Thomas et al. 2008). In 1996, millions of tons of
wood composites were manufactured annually (Maloney 1996). In 2009, the United
Nations estimated that 42,494 m3 of wood-based panels were used (Pepke 2010).
Wood composites are made by bonding wood components with an adhesive under
pressure (Maloney 1996) and include: medium density fiberboard (MDF), particleboard
(PB), oriented strand board (OSB), plywood, and laminated beam. Many adhesives
commonly used in wood composites contain formaldehyde: melamine-formaldehyde
(MF), phenol-formaldehyde (PF), melamine-urea-formaldehyde (MUF), and ureaformaldehyde (UF). All resins are thermosetting and once formed they become very
stable and resistant to heat. Among the different types of adhesives, UF resins are widely
used in industry because of their beneficial characteristics such as lower cost and easy
handling. In general, wood products manufactured with UF resin (MDF and PB) contain
1

free formaldehyde due to incomplete reaction between urea and formaldehyde. Free
formaldehyde in board is slowly released into the ambient environment.
Formaldehyde is toxic and causes health issues such as watery eyes, burning
sensations in the eyes and throat, nausea, difficulty in breathing and cancer in humans
(IARC 2006). Therefore, State and Federal governments and wood organizations
established formaldehyde regulations such as the drinking water quality guideline value
of 0.9 mg/L by the World Health Organization (WHO, 2005) and a standard of 0.75 parts
per million (ppm) for 8 hours working time by the U.S. Department of Labor’s
Occupational Safety and Health Administration (OSHA, 2011). US EPA’s formaldehyde
emission levels for composite wood products became effective on January 1, 2013 and is
less than 0.05 ppm of formaldehyde for hardwood plywood, or 0.09 ppm of
formaldehyde for PB and MDF. These regulations focus on drinking water or indoor
applications.
According to the Furniture Industry Research Association, annually 180,000 tons
of MDF waste is produced from the furniture production processes. Approximately 14
million tons of wood waste containing formaldehyde-based resins are generated yearly
and disposed in landfills or burned (US EPA 2005). Formaldehyde bonded wood wastes
may be a source of formaldehyde emission through degradation of the urea-formaldehyde
resins in landfills. The urea-formaldehyde resin degrades by breaking down of the
methylol, methylene ether, and methylene groups in the presence of air, water, soil and
microorganisms (Attwood and Quayle 1984 and Glancer-Soljan et al. 2001). Therefore,
formaldehyde emission into air and water from buried wood wastes may possibly affect
humans and ecosystems near landfills. No regulations exist and to our knowledge no
2

studies have been conducted on the formaldehyde emission from formaldehyde bonded
wood waste disposed in landfills. Information is needed on the environmental impact of
formaldehyde released into air and water from formaldehyde bonded wood wastes buried
in landfills. Therefore, the objectives of this study were: a) to determine the amount of
formaldehyde released into air and by leaching into water from MDF disposed in a
simulated landfill, b) to analyze the environmental impacts of leachate containing
formaldehyde, and c) to observe changes in chemical and physical characteristics of
wood fibers in the disposed MDF.
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CHAPTER II
LITERATURE REVIEW

Wood Composites (Medium Density Fiberboard)
Wood composites are made by bonding wood components in or with an adhesive
under pressure (Maloney 1996) and include products such as: medium density fiberboard
(MDF), particleboard (PB), oriented strand board (OSB), plywood, and laminated beam.
MDF is formed by mixing wood fibers, resin, and wax and pressing at high temperatures.
PB is similar to MDF but uses wood particles instead of wood fibers. Plywood is formed
by bonding multiple thin sheets of wood veneer.
Many adhesives commonly used in the production of wood composites contain
formaldehyde: melamine-formaldehyde (MF), phenol-formaldehyde (PF), melamineurea-formaldehyde (MUF), and urea-formaldehyde (UF). These resins are thermosetting
and once formed they become very stable and resistant to heat. Among the different
types of adhesives, UF resins are widely used in industry because they cost less than
other resins and rapidly cure and bond with wood cells. Urea-formaldehyde resins can be
degraded by bacteria into urea, formaldehyde, ammonia and carbon dioxide (Jahns et al.
1998).
The Composite Panel Association describes MDF as a dry-formed panel product
manufactured from lignocellulose fibers mixed with a synthetic resin, typically UF resins,
or other suitable binders (US EPA 1998a). The final forming process is carried out using
4

a multiple opening hot press at temperatures above 200 oC for 3 to 4 minutes. A
synthetic resin binder, typically urea formaldehyde, is added to provide strength
properties, and paraffin wax is also added as a water repellent (Rivela et al. 2007).
Typical property values for standard MDF are listed in Table 2.1.
Table 2.1

Typical property values for standard MDF (EWPAA 2008)

EWPAA: Engineered Wood Products Association of Australasia.
The density of MDF panels varies from 496 to 801 kg/m3. In contrast to PB and
plywood, MDF’s structure is uniform and has a smooth surface without any knots or
rings and tight edges that can be machined and grain printed in comparison to veneers
and laminates. MDF, in addition, can be manufactured with different densities depending
on it use. For example, low density MDF is used for the indoor applications and high
density MDF are used where high stiffness is needed such as in a door or siding. MDF
therefore can be a complimentary material for natural wood panel or other expensive
composite wood products such as plywood, PB, or chipboard.
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Comparison of physical properties among MDF, oak, pine, and plywood is shown
in Table 2.2. MDF has a higher density and weight than oak, pine, or plywood, but a
lower modulus of elasticity (MOE). The MOE is the ratio of stress to strain in the
bending test and describes the stiffness of a solid material. Because of the lower MOE,
MDF is classified as a nonstructural wood-based panel but widely used in the furniture
industry and indoor applications. In addition MDF has a high thickness swell and the UF
resin can undergo degradation in water (soak test). Thick MDF panels (1.27 to 1.91 cm)
are used as core materials in furniture panels, while MDF panels thinner than 1.27 cm are
typically used for siding (Rivela et al. 2007).
Table 2.2

Comparison between MDF, oak, pine, and plywood (ANSI 2002)

In 2009, the United Nations estimated that 42,494 m3 of wood-based panels were
used (Pepke 2010). According to the Department of Housing and Urban Development
(HUD), since 1985, HUD has permitted only the use of composite wood products that
satisfy the specified formaldehyde emission limits. In the past, the formaldehyde
emission from pressed wood products used in relatively small interior spaces has caused
human health issues (IPCS 2002). On July 7, 2010, the Formaldehyde Standards for
Composite Wood Products’ Act was signed into law which states that no higher than 0.05
ppm of formaldehyde for hardwood plywood, or 0.09 ppm of formaldehyde for
6

particleboard and MDF are allowed for emission of formaldehyde and this law became
effective on January 1, 2013 (S. 1660-6 2010).
Formaldehyde Emission and Leaching
Formaldehyde, a flammable, colorless, strong smelling, volatile organic
compound (VOC) and highly reactive gas at standard temperature and pressure, is
commonly found in the environment (IPCS 2002) with a concentration less than 1 μg/m3
and an average value of 0.5 μg/m3 (IARC 1995).
Formaldehyde is widely used as a synthetic component of wood adhesives used in
the manufacture of wood products such as MDF, OSB, plywood, laminated beam, and
furniture. Formaldehyde also is used in the chemical and paper industries as well as in
textile processing (Marra 1992) and also used as a preservative in some paints, cosmetics,
coatings in paper products, and certain insulation materials.
However, formaldehyde is toxic and causes health issues such as watery eyes,
burning sensations in the eyes and throat, nausea, difficulty in breathing, and cancer
(IARC 2006). In 1996, the World Health Organization established the drinking water
quality guideline value of 0.9 mg/L for formaldehyde and air quality guideline value of
0.1 mg/m3 (IPCS 1996). The U.S. Department of Labor's Occupational Safety and
Health Administration (OSHA) established a standard of 0.75 ppm for 8 hours working
time with appropriate labels and warnings to protect workers from exposure to
formaldehyde (OSHA 2011). The U.S. Environmental Protection Agency (US EPA),
Consumer Product Safety Commission (CPSC), and the U.S. Department of Housing and
Urban Development (HUD) have focused on indoor air formaldehyde exposure.
7

Environmental Impacts
In 1969, the National Environmental Policy Act (NEPA) established a broad
national framework for protecting our environment against pollution or contamination.
Environmental Assessments and Environmental Impact Statements are required from all
federal agencies and NEPA. An Environmental Impact Statement (EIS) is a document
prepared to describe the effects of proposed activities on the environment including
discussions of the purposed activity, the need for the action, alternatives, the affected
environment, and the environmental consequences of the proposed action (US EPA
1998b). "Environment," in this case, is defined as the natural and physical or chemical
conditions relative to one or more organisms. This means that the "environment"
considered in an EIS includes land, water, air, structures, living organisms, environmental
values at the site, and the social, cultural, and economic aspects. An "impact" is a change
in consequence that results from an activity. Impacts can be positive or negative or both.
An EIS describes impacts, as well as ways to "mitigate" impacts. To "mitigate" means to
lessen or remove negative impacts.
Environmental impact analysis can be prepared with the tools and techniques to
assess the fiscal, socioeconomic, energy, flora and fauna, noise, air, and water quality
impacts of land use projects (Rau and Wooten 1980). Air contamination is caused by
pollutants that exist as a gaseous material and that are attached to particles suspended in
the air. There are many possible sources of air pollution such as emissions from
smokestacks and landfills, explosions and fires, automobile exhaust, factory equipment
leaks, and paints or household cleaners. Particulate matter, carbon monoxide, ozone,
nitrogen dioxide, sulfur dioxide, and formaldehyde are major pollutants because they can
8

cause respiratory and other diseases (US EPA 2006). Soil contamination is caused by
either solid or liquid hazardous substances that spilled or were disposed directly in the
soil or migrate to the soil from a spill or other sources such as landfills. Solid or liquid
hazardous substances may be released and deposited from contaminated air and
contaminated water that migrate from a site containing hazardous substances (US EPA
2006). Groundwater contamination can occur through rainwater or surface water contact
with contaminated soil leaching into the ground. Water in contact with contaminated soil
can carry hazardous substances from the soil to the groundwater. A hazardous substance
that gets into the water cycle can pollute public and industry water systems, including
water for drinking, bathing, other household uses, and agriculture (WHO 1997).
Leachate from landfills and accidental oil spill sites are the common point sources of
groundwater contamination.
Leachate from a landfill is generated by the infiltration and percolation of rainfall,
groundwater, runoff, or flood water (Alkassasbeh et al. 2009). Leachate is a possible
pollutant source for contaminated groundwater that can affect drinking water supplies
and agricultural irrigation systems. There are many factors that influence groundwater
contamination including depth of the water table, concentration of contaminants,
permeability and type of geologic strata, direction of groundwater flow, and toxicity of
the contaminants. The decomposition of municipal solid waste (MSW) in landfills is a
very complex and variable process (Schrab et al. 1993). Studies involving the impact of
landfill leachate on the surface and groundwater (Flyhammar 1995, DeRosa et al. 1996,
Christensen et al. 1998, Looser et al. 1999, Abu-Rukah and Kofahi 2001, Saarela 2003)
have increased during the last 20 years. Leachate from MSW landfills may contain
9

various contaminants at high concentration levels that may affect water systems such as
groundwater and the water can become a danger to human health (Johannessen 1999).
The contaminants in landfill leachate can be classified into four groups: dissolved organic
matter, inorganic macrocomponents, heavy metals, and xenobiotic organic compounds
(Kjeldsen et al. 2002). Therefore, the leachate is released to the groundwater according
to a set of site-specific standards established based on predetermined requirements. The
Environmental Protection Agency also regulates discharge of pollutants from household
and industrial wastewater and sewer systems.
To evaluate the environmental impact of landfill leachate, parameters such as
toxicity, pH, BOD, COD, color, levels of chloride, sodium, potassium and heavy metals
(Cd, Cr, Cu, Fe, Ni, Pb and Zn), are monitored and reported to the US EPA (Renou et al.
2008). Environmental impact assessments often contain parameters listed above and
each parameter can be determined by many different methods. The typical leachate
characteristic from a MSW landfill is given in Table 2.3. Microbial ecosystems in
landfills change distinctively by different decomposition phases such as an aerobic phase,
an anaerobic acid phase, an accelerated methane production phase, and a decelerated
methane production phase (Barlaz et al. 1989). In general, an acidic phase takes 6
months to 2 years from when waste is disposed and compacted, while methanogenic
phase takes from 2 years to over 100 years after waste is disposed (Johannessen 1999).

10

Table 2.3

Typical leachate characteristic from MSW landfill (Johannessen 1999)

MSW: Municipal solid waste.

Toxicity
Toxicity is the degree to which a toxic or poisonous substance can harm or
damage a living organism (Fauci et al. 2008). Toxicity can be divided in three
categories: acute, sub-chronic and chronic. Acute toxicity involves harmful effects to an
organism through a single or through multiple exposures for a short time (up to 14 days).
Tests usually occur within 24 hours of exposure to the toxic substance. Subchronic
toxicity is the result of exposure to a toxic substance that causes effects for more than one
year but less than the lifetime of the exposed organism. Chronic toxicity is the result of
harmful effects over the entire life of the exposed organism (Fauci et al. 2008).
According to Williams et al. (2000), an adverse effect is "any effect that results in
functional impairment and/or biochemical lesions that may affect the performance of the
whole organism or that reduces the organ's ability to respond to an additional challenge."
In many research projects, the Microtox® Acute Toxicity test has been
successfully performed to determine the toxicity of metals and other pollutants at high
concentrations (ppm) in a variety of matrices including air, water, and wood (Beauvien
11

and Jolicoeur 1984, Bulich et al. 1995, Prewitt et al. 2003, Hsieh et al. 2004). This
method developed by Strategic Diagnostic Inc., formally known as Azur Environmental,
uses the marine bioluminescent bacterium, Vibrio fisheri, as the test organism. The
degree of toxicity is measured by the increase or decrease in light output of the
bioluminescent bacterium after exposure to an aqueous sample that contains the toxic
substances, and then compared with a control aqueous sample (Azur Environmental
1998). The change in light output between the aqueous sample and the control sample
represents the effect of the toxic substance on the bioluminescent bacterium (Hsieh et al.
2004).
The toxicity test provides not only very useful information in assessment of
ecological risk for drinking water or water for agricultural use, but also indicates whether
further toxicity monitoring is needed (Alkassasbeh et al. 2009). Many research reports,
furthermore, use the toxicity test to evaluate the effects of bioremediation treatments
(Dasappa and Loehr 1991, Miller et al. 1996, Balba et al. 1998, Boopathy and Manning
1999). Reduction in toxicity indicates the efficiency of the bioremediation treatment
(Dasappa and Loehr 1991). Toxicity of leachates is a necessary parameter to monitor the
contamination of aquatic ecosystems (Benfenati et al. 2002).
Biochemical Oxygen Demand
Biochemical oxygen demand (BOD) of a water sample is the measure of the
amount of dissolved oxygen needed by aerobic biological organisms to break down and
consume organic compounds in the water at a certain temperature over a specific time
period. The BOD values therefore provide information on the biologically exchangeable
proportion of the organic content in the water sample and is reported in milligrams of
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oxygen consumed per liter of water. According to German Standard DIN 38 409-H511,
BODn is defined as biochemical oxygen demand after n days and is usually measured
within a period of 5 days (BOD5). The BOD5 has been accepted and widely used as a
compromise between short-term and long-term test such as the BOD20, which determines
the complete biological breakdown of organic materials (Aqualytic®2008). The BOD5
value can estimate values from BOD1 to BOD20 for domestic effluents. According to
Hütter (1994), the complete degradation of organic materials was achieved after 20 days
(BOD20) at 20 °C in domestic effluents, while 70 % of the biologically convertible
substances are broken down in 5 days (BOD5).
The BOD is commonly used as an indicator of water quality, and is used to
evaluate the efficiency of biological or chemical treatments. A higher BOD value
indicates that more oxygen is being depleted in water because of the high consumption of
oxygen by a high bacterial population. The high BOD can cause stress, suffocation and
death for aquatic systems including plants and fish due to a lack of oxygen in the water
(US EPA 1998b).
According to Nemerow (1991), the BOD level of unpolluted natural water should
be in the range of 1 to 8 mg/L, while raw sewage can be between 150 to 300 mg/L. In
general, wastewater shows high BOD and high concentrations of organic carbon,
nitrogen, chloride, iron, manganese, and phenols (Schrab et al. 1993).
However, BOD measurements have limitations such as accuracy and
reproducibility of data because of the time requirement. Nevertheless, BOD is widely
used as an indicator of water quality. The aqueous sample may contain organic materials
that will not biodegrade, such as hard detergents, agricultural chemicals, and lignin.
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These organic materials are excluded in BOD values. In addition, toxic materials which
decrease aerobic bacterial activity can also be present in the aqueous sample, which leads
to a lower BOD value (Hammer and Hammer 2001). These limitations can cause
inaccurate measurement of BOD. Chemical oxygen demand and total organic carbon
tests, therefore, are needed to complement the BOD data.
Chemical Oxygen Demand
One of the most important measurable parameters for evaluating water quality is
the oxygen demand of water or wastewater. Two standard analytical methods are
commonly available for determination of the oxygen demand of water or wastewater:
which are biochemical oxygen demand and chemical oxygen demand (Zhao et al. 2004).
Chemical oxygen demand (COD) is a measure of the total quantity of oxygen
required to oxidize all organic materials by a strong chemical oxidant such as dichromate
or permanganate. The amount of electrons transferred to the chemical oxidizing agent
(dichromate) during the chemical oxidation is determined by titration or
spectrophotometry (Zhao et al. 2004). The COD has been recognized and used as
national standards for evaluating organic pollution in water in many countries.
The COD value is stated in milligrams of oxygen consumed per liter of water and
is normally greater than BOD values due to oxidization of organic carbon and other
organic matters that do not degrade in BOD determinations. According to the National
Consent Translation Project (NCTP 1997), typical levels of COD in sewage are between
200 to 1000 mg/L. COD values are used to evaluate the efficiency of biological or
chemical treatments applied on wastewater (Jirka and Carter 1975).
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The COD measurements can be accomplished in a few hours while BOD
measurement need five days. The most common method to measure COD is the
dichromate reactor digestion method which has several disadvantages. The method
requires at least 2 - 4 hours for complete oxidation of the organic material using
equipment such as a dichromate reactor and a spectrophotometer. These requirements
can be a disadvantage for on-site examination and real time monitoring. This method
also requires Ag2SO4 (expensive), concentrated H2SO4 (corrosive), and Hg(II) and Cr(VI)
(highly toxic) reagents (Kim et al. 2001). Use of toxic reagents can generate other
environmental issues as well as extra expense to handle the waste material.
Consequently a new COD analytical method has been proposed and developed by
Zhao et al. (2004), using a photoelectrochemical system with limited use of reagents
(electrolyte only). This novel COD analytical method is environmentally friendly,
robust, rapid, easily automated and requires only 1 - 5 minutes to complete the test (Zhao
et al. 2004).
Bacterial Enumeration and pH
Bacterial enumeration can provide useful information regarding water. Bacteria
have been counted using several different methods (Kepner and Pratt 1994). Bacterial
counts in a broth culture or agar medium can be carried out by direct or indirect methods
including standard plate counts (SPC), turbidimetric measurements (TM), visual
comparison of turbidity with standard, direct microscopic counts, cell mass
determination, and measurement of cellular activity.
SPC method is a useful counting method to determine the number of viable cells
that can form individual colonies. A sample is put onto an appropriate culture medium,
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and then incubated under proper conditions. Incubation of an agar plate at 35 °C was the
best condition for bacteria enumeration used to determine the quality of swimming pool
water according to Mood (1977).
After incubation, the colonies are enumerated and then the original number of
colonies can be calculated by multiplication of a dilution factor if used. Each colony
represents a bacterium and is usually reported as colony forming units (CFUs) instead of
cell numbers. The common acceptable colonies on a plate are in the range of 25 to 300
CFUs (Sutton 2011). For accurate determination of the bacteria enumeration, an
appropriate sample dilution may be necessary, but cross contamination should be
avoided. This method of bacteria enumeration is relatively easy to execute and is more
sensitive than turbidimetric measurement.
Enumeration of bacteria in wastewater may indicate the presence of opportunistic
pathogens, the potential for coliform suppression and drinking water quality deterioration
(LeChevallier et al. 1980). Although accurate pathogen population may be difficult to
determine, bacteria enumeration data in wastewater does give an estimate of actual
pathogen population. High bacteria counts in wastewater indicates a high possibility of
existing pathogens such as bacteria, viruses, and protozoans, which can cause minor
illnesses such as gastroenteritis symptoms such as vomiting, diarrhea, abdominal pain or
fever (US EPA 1998b). Based on EPA studies conducted in the 1980s, 126 E. coli per
100 mL of fresh water or 35 enterococci per 100 mL of salt water is an acceptable range
of bacterial counts in water used for swimming. A low bacterial count in a water sample
generally indicates clean water.
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The pH of water is also a critical parameter for evaluating water quality because
as acidity increases, solubility increases for many toxic and nutritive chemicals in water.
The pH is determined in a solution by measuring the concentration of hydrogen ions.
The pH of water determines the biological availability of chemical components
such as nutrients including phosphorus, nitrogen, and carbon and heavy metals such as
lead, copper, and cadmium. The pH levels can be increased by an increase in
temperature or excess amount of nutrients. Small changes in pH levels can directly
impact aquatic life. For example, an increase in pH may enhance the solubility of
phosphorus, which helps plant growth resulting in an increase in the dissolved oxygen
demand (Michaud 1991).
Fourier Transform Infrared Spectroscopy
Fourier transform infrared spectroscopy (FTIR) has been used to elucidate the
structure of chemical compounds because FTIR can identify functional groups within
molecules by redistribution of excess molecular vibrational energy such as wags,
scissoring, twist, and stretches (Müller et al. 2009). FTIR can improve not only
absorption peaks by using absorbance magnification, but also structure elucidation can be
improved by analyzing the data with computer programs (Jada 1988). Samples used in
FTIR analysis can be liquids or solids in solution of Nujol (mineral oil) or in KBr pellets.
Liquid samples can be investigated by placing a small drop on one of the KBr plates,
while a solid sample can be analyzed by placing a small amount (2 - 5 mg) of compound
directly on the KBr plates and adding one drop of solvent (CH2Cl2) or mineral oil.
Another sample preparation method is making KBr pellets from the solid test sample.
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The solid sample should be a lower concentration for the best result in signal.
Solid sample needs to be ground to 1 to 2 microns, and then finely ground sample (5 to
10 mg) and dried, and ground again with KBr in a mortar and the finely ground sample is
compressed into a thin pellet. A freeze-drying sample preparation can improve FTIR
spectra compared to normal sample preparation method (Jada 1988). Therefore, FTIR
can be used to investigate and characterize changes in the chemical structure of leachate
during wood decomposition. FTIR has been used to elucidate the structure of UF resins.
The typical FTIR spectrum of cured urea-formaldehyde resin is shown in Figure 2.1.

Figure 2.1

FTIR spectra of cured urea-formaldehyde resin (Sun and Chai 2002).

The absorption spectra are very broad and overlapped due to the functional groups
in the UF resin. According to Jada (1988), the absorption spectra acquired at 2000 - 3600
cm-1 have broad bands because of the presence of byproducts in the resin, such as water
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or unreacted formaldehyde which are hydrogen-bonded with the functional groups such
as –CH2OH, NH2, and –NH. The absorption peak at 3340 cm-1 describes a molecular
structure which is characteristic of the –NH stretching of a bonded amino group.
Characteristic of the C–H stretching mode of the –CH2–O–CH2– group can appear
around 2995 cm-1 and a band at 2960 cm-1, means a combination of the asymmetric CH
stretching modes of ethers. An absorption band observed at 1650 cm-1 is assigned to the
C=O stretching of an amide groups and the NH2 deformation mode (Jada 1988). Other
absorption characteristic of functional groups by FTIR are described in Table 2.4.
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Table 2.4

Assignment of absorption bands in UF prepolymers (Jada 1988)

Gel Permeation Chromatography
Gel permeation chromatography (GPC) is a column fractionation method used to
determine the molecular weight distributions of polymers (Hope et al. 1973). GPC is
often used as a quality control measure for polymer production including product release
testing and product failure analysis (Jordi and Mesa 2008). A typical gel permeation
chromatography system is shown in Figure 2.2 and consists of a pump, solvent, column
(with or without a heater), and detector.
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Figure 2.2

Schematic of typical GPC components.

Polymer molecules are separated according to their molecular size in solution
through a stationary bed of porous particles. Different pore sizes of gels are packed in
the columns to promote the fractionation of the polymer chains by the size exclusion
process (Rudin 1999). According to Hope et al. (1973), GPC column gels, which are
composed of vinyl acetate, can provide excellent resolution of low molecular weight
species of UF resins.
Larger polymer molecules elute earlier than smaller molecules from the column
because larger molecules permeate a smaller proportion of the pores in a column (Soares
2004). Higher molecular weight polymers require a shorter time to exit the column
compared with lower molecular weight polymers. Lower molecular weight polymers
penetrate into the majority of the column pores and therefore require more time to exit
the column (Soares 2004 and Rudin 1999).
A calibration curve constructed with known molecular weight standards is needed
to calculate the molecular weight distribution of the polymer sample. The calibration
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curve is a mathematical relation between the molecular weight of a polymer standard and
the retention time. Figure 2.3 shows a generic molecular weight calibration curve
(Soares 2004).

Figure 2.3

A general GPC calibration curve.

Classical GPC has the advantage of lower cost in the initial instrument setup and
maintenance. GPC however does not provide complete information about the chemical
composition of the analyzed polymer and the complexity of the data interpretation is
another disadvantage. For example, GPC cannot distinguish two molecules with
differing polymer structure and molecular weight but having the same hydrodynamic
volumes. The hydrodynamic volume describes the dimensions of a polymer chain in
solution. The accuracy of the data also depends on the standards and the sample having
the same relationship between its hydrodynamic volume and molecular weight (Jordi and
Mesa 2008).
High performance liquid chromatography mass spectrometry (HPLC-MS) can
give supplemental data to address the composition of the molecular weight of compound
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in species (Ferra et al. 2010). Because HPLC-MS has very high sensitivity and
specificity, and generally is performed for the specific detection and identification of
individual chemicals in a complex chemical mixture. Mass spectrometry is used for
determining the mass and elemental composition and for elucidating the chemical
structures of molecules. The information describes the structure of the molecule with
much higher confidence than other methods because mass spectrometry measures the
mass-to-charge ratio of charged molecular particles (Thurman and Ferrer 2003).
Chemical Composition and Structure of Wood
The major chemical components and their percentages of wood fiber are:
cellulose (40 - 50%), hemicelluloses (25 - 35%), lignin (20 - 30%), extractives (1 - 10%),
and ash (0.1 - 0.5%) based on the wood’s dry weight (Pettersen 1984 and Marra 1992).
The chemical composition of some softwood species is shown in Table 2.5 (Sjöström
1993).
Table 2.5

Chemical compositions of some wood species

Cellulose is composed of carbon, hydrogen, and oxygen and is formed from linear
chains of β-D-glucose linked by β-1,4-glycosidic bonds with a degree of polymerization
(DP) from 10,000 in native wood to 1,000 in bleached kraft pulps (Sjöström 1993).
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Sugar molecules produced through photosynthesis formed long chain cellulose molecules
by connecting end to end (Marra 1992). Intra and inter molecular hydrogen bonds by the
hydroxyl groups on linear cellulose polymer chains cause them to rearrange and
aggregate into a crystalline structure (Klemn et al. 2005). According to Pettersen (1984),
cellulose is insoluble in most solvents including strong alkali and is difficult to separate
from wood in pure form because of its association with the lignin and hemicelluloses.
In general, hemicelluloses consist of xylan, glucuronoxylan, arabinoxylan,
glucomannan, and xyloglucan components. Hemicelluloses have much lower molecular
weights (DP 50 - 300) than cellulose and some are branched and soluble in alkali and
easily hydrolyzed by acids (Pettersen 1984).
Lignin serves as an adhesive component in the cell wall between cellulose and
hemicelluloses and other wood components (Sjöström 1993). Also, lignin has an
important function in the protection of wood from fungi, insects, and bacteria by
preventing attack and diffusion of destructive enzymes into the cell wall (Sarkanen and
Ludwig 1971). Very strong acids such as 72% sulfuric acid are used for lignin isolation
through decomposition of the cellulose and hemicellulose components of wood (TAPPI
2002a). Lignin is a phenolic substance consisting of an irregular array of bonded
hydroxyl- and methoxy-substituted phenylpropane units (Pettersen 1984). The lignin
phenylpropane units have three different basic building block structures (Figure 2.4).
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Figure 2.4

Phenylpropane building blocks in lignin formation.

Guaiacyl lignin is built up predominantly with coniferyl alcohol units, while
guaiacyl-syringyl lignin has monomeric units from coniferyl and sinapyl alcohol. In
general, coniferyl alcohol is the predominant precursor of softwood lignin, and coniferyl
alcohol and sinapyl alcohol are both precursors of hardwood lignin. p-Coumaryl alcohol
is a minor precursor of softwood and hardwood lignins. Lignin of grasses consisted of pcoumaryl alcohol. These alcohols are linked in lignin polymers by ether and carboncarbon bonds (Pettersen 1984 and Sjöström 1993).
Extractives from wood are composed of a variety of chemicals, although usually a
small proportion (1 - 10%) of the dry weight of a normal wood species, and they are
soluble in neutral solvents such as methanol, water, and dichloromethane (Sjöström
1993). A variety of extractive components are present in wood: fats, waxes, alkaloids,
proteins, simple and complex phenolics, simple sugars, pectins, mucilages, gums, resins,
terpenes, starches, glycosides, saponins, and essential oils. They function in tree
metabolism and defense mechanisms against microbial attack (Pettersen 1984). Wood
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extractives also contribute to wood properties including color, odor, and decay resistance.
The phenolic compounds including stilbenes, lignans, hydrolysable and condensed
tannins, and flavonoids provide defense for the wood from microbial and fungicial attack
(Sjöström 1993). The phenolic compounds are commonly located in the heartwood and
bark. Fats (esters of glycerol with long-chain fatty acids) and waxes (esters of long-chain
alkanols with fatty acids) are present in small quantities and play roles in the permeability
of the wood (Pereira et al. 2003).
Wood is composed of elongated cells oriented in the longitudinal direction of the
stem (axial system). These cells grow horizontally from the bark to the pith (radial cell
system, Wardrop and Harada 1965 and Sjöström 1993). The cell wall is composed of
middle lamella, primary and secondary cell walls, and warty layer. The middle lamella is
located between the cells and works as the adhesive function between the cells due to the
high lignin content (Sjöström 1993). The secondary wall consists of three layers which
have thin outer and inner layers and a thicker middle layer. These layers are made by
parallel microfibrils as lamellae and formed after cell enlargement has been completed.
The middle layer is the main portion of the cell wall because of its greater thickness (1 - 5
μm) compared to the outer and inner layers (0.2 - 0.3 μm and 0.1 μm). The middle layer
is important for mechanical strength of wood due to its vertically (5 - 30o angle) oriented
microfibrils while horizontal oriented microfibrils (50 - 90o angle) are in the outer and
inner layers (Howard and Manwiller 1968).
Wood Biodegradation
Wood is easily susceptible by microorganisms when it is no longer alive, so wood
is a great food source for microorganisms, a potential cause of degradation of woody
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materials. Microorganisms, such as bacteria, fungi, insects, and mold, degrade wood
fibers under various environmental conditions including temperature (between 20 - 32
°C), humidity (above 30%), pH (2 - 6), and type of wood substrates (Eriksson et al. 1990,
Clausen 2010, Shmulsky and Jones 2011). A loss of physical and mechanical properties
result in wood when damaged by decay fungi.
Bacteria and fungi are common inhabitants of the soil and can degrade wood
when wood is in soil contact. Wood decay fungi, predominantly basidiomycetes, are
typically more aggressive than bacteria even though wood can be degraded by both fungi
and bacteria (Kim and Singh 2000). White-rot fungi and brown-rot fungi are common
wood decay fungi, the primary biotic wood decomposers, belong to the basidiomycota
phyla. In general, brown-rot fungi are more likely to attack the softwood species, while
white rot fungi are associated with the hardwood species. They attack wood cells by
hyphae movement through bordered pits and securing enzymatic and non-enzymatic
metabolites (Goodell et al. 2008).
White rot Decay
White-rot fungi can degrade all wood components including cellulose,
hemicelluloses, and lignin from the cell lumen outwards, while brown-rot fungi can
degrade cellulose and hemicellulose but not lignin (Nilsson 2009 and Blanchette et al.
1984). The white rot fungi have both cellulolytic and lignin degrading enzymes. Whiterot fungi appear forming a stringy or spongy mass on wood (Goodell et al. 2008). Whiterot fungi can cause wood bleaching due to the lignin degradation and many simultaneous
degraders. Attacking formations of white-rot fungi are erosion troughs and cavity
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formations into cell walls, distinctive from other fungal and bacterial decay types
(Schwarze and Fink 1998).
Brown rot Decay
Brown-rot fungi have only the cellulolytic enzymes to degrade the cellulose and
hemicellulose components but both enzymatic and non-enzymatic mechanisms are
associated in decay process. The cellulolytic enzymes are not typically involved in the
lignin degradation process. Brown-rot fungi leave a dry, crumbly, powdery, lignin-rich
brown mass after degradation of the wood (Goodell et al. 2008). Brown rotted wood
appears brown because largely of the presence of lignin. Using microscopic techniques,
brown-rot decay can clearly be illustrated from other fungal attacks and bacterial decay
by cubical cracks, loss of birefringence, absence of erosion troughs and cavities, and
appearance of degraded wood cell (Kim and Singh 2000).
Bacterial Decay
Bacteria are the initial colonizers of wood in a few days followed by non-wood
decay fungi and finally wood decay fungi. The initial colonized bacteria are however not
wood degrading bacterial but can degrade non-lignified wood components (Wilcox 1968,
Wilcox 1970, Blanchette et al. 1984, Eriksson et al. 1990). Under conditions which have
an absence or lack of oxygen such as in deep mud, on ocean floors and in deep waters,
bacteria degrade wood primarily (Kim et al. 1996). The oxidation of both aromatic ring
and propane side chain lignin carbons to CO2 are involving in lignin degradation by
bacteria (Phelan et al. 1979).
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Morphological Properties of Wood
Scanning Electron Microscopy
Optical microscopy also provides detailed information about the physical surface
characteristics of wood. However, this technique has limitation of resolution by
diffraction effects (Skoog et al. 2006). Using the electron microscopic method including
scanning electron microscopy and transmission electron microscopy can provide much
higher resolution information (Reed 2005). Therefore, scanning electron microscopes
(SEM) has been used for surface analysis in the medical and physical science fields to
examine a variety of specimens.
Essential components of SEM system include electron source, lenses sample
stage, detectors for all signals, and output devices. Furthermore, the infrastructure
includes a vacuum system, rooms free of ambient magnetic and electric fields, and a
cooling system. A typical SEM system is shown in Figure 2.5.
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Figure 2.5

Schematic of an SEM with both electron and X-ray detectors (Wittke
2008).

SEM is a microscope that uses high-energy electrons instead of light to generate a
variety of signals at the surface of solid specimens. SEM can provide data that results in
a three-dimensional image of objects. In SEM, electron beam strikes the specimen and
signals such as X-rays, cathode luminescence, transmitted electrons, backscattered
electrons, and secondary electrons are generated (Skoog et al. 2006). SEM instruments
record backscattered and secondary electrons, which bounced back from the sample by
the electron beam impinging on it, and then the signals are used to create the image
(Everhart and Hayes 1973). X-rays signals can be detected if an X-ray detector is
attached in the SEM system (Skoog et al. 2006).
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SEM has the wide range of magnification from low to high containing the range
of the light microscope, hand magnifying glass and transmission electron microscope.
Typically, the useful range of magnification for SEM is about 15 diameters to 20,000
diameters (Everhart and Hayes 1973).
Electrically conducting samples are simplest to analyze because there is no need
for sample preparation. Electrically conducting samples do not obstruct the flow of
electrons to ground, and are good conductors of heat which minimizes the thermal
degradation. However, most biological specimens and mineral samples that are not good
conductors can cause difficulties to analyze because of thermal degradation, radiation
damage, and sample volatility in the high vacuum. Non-conducting materials
consequently have to be converted to electrically conducting samples by coating. The
surface of the sample is coated with a thin (less 10 nm) metallic film that sprayed in high
vacuum condition (Skoog et al. 2006). In general, coating materials include gold, goldpalladium alloy, platinum, osmium, iridium, tungsten, chromium, and graphite.
White and brown rot fungi hyphae can be detected in the decaying wood cell
lumen by microscopy (Goodell 2003). Holt and Jones (1983), reported a variety of
bacteria and actinomycetes were observed on the surfaces of beech buried in mud by
using a SEM, while fungal hyphae were rarely observed on samples that had any visible
decay. Therefore, many researchers use SEM technique to investigate the wood decay
process.
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CHAPTER III
MATERIALS AND METHODS

Preliminary and Phase One Study
Experimental design
Simulated landfills were constructed in cylindrical plastic containers (15.24 cm
diameter, 22.86 cm high) with alternating layers of silty clay soil (870 g) and MDF (120
g, ground or cut pieces) for a total of five layers (Figure 3.1). The soil (silty clay) was
collected from a depth of 152.4 cm on a private lot in Starkville, Mississippi, air dried
and then sieved through a screen to remove debris and large rocks. Plastic screens (10
mm thick and 5 mm thick) and non-woven fabric were placed successively on the bottom
of each container in order to prevent clogging of the collection tube. Eight hundred and
seventy grams of soil and 120 g of MDF were added to each container. Non-woven
fabric was also placed on the top soil layer to reduce loss of moisture. One circular hole
(5 mm diameter) was drilled in the bottom of the containers for collection of leachate and
two circular holes (5 mm diameter) were drilled in the top of each plastic cylindrical
container for air sampling. Plastic tubing containing a cut-off valve was attached through
each hole with glue for air sampling and leachate collection. All chambers were stored in
an incubator at 34 oC.

32

Figure 3.1

Schematic drawing and picture of the simulated landfill.

A: Leachate port (5 mm), B: Plastic screen (10 mm), C: Plastic screen (5 mm), D: Nonwoven fabric, E: Soil (2.54 cm), F: MDF sample (2.54 cm).
Sample Preparation of Medium Density Fiberboard (MDF)
Commercially manufactured MDF, (100 cm x 100 cm x 1.27 cm), stored 10 years
at the Forest Products Department at Mississippi State University was used in this study.
Two sizes of MDF were tested: cut pieces (3 cm x 1.5 cm x 0.5 cm) and ground (though a
5 mm screen). There were four treatments with three replicates per treatment: 1) ground
MDF covered in soil, 2) cut pieces of MDF covered in soil, 3) ground MDF only, and 4)
soil only.
Air Collection and Sampling
Air in the headspace of each chamber was collected on days 0, 7, 14, 21 and 28 as
described in Figure 3.2. A Tedlar bag (25L, TP-25, TRS environment™, Chesterfield,
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MI) filled with nitrogen was connected to the inlet tube in the top of the cylinders. The
outlet tube was connected to a flowmeter and then to a 2,4-dinitrophenylhydrazine
(DNPH) cartridge (Waters Corporation, Milford, MA). The cartridge was connected to a
manifold which was connected to a mini-pump (Gilian 3500, Sensidyne®, Clearwater,
FL) set to pull headspace air from the chamber for 4 hours at 60 mL per minute.
Formaldehyde was trapped and derivatized in the DNPH cartridge.

Figure 3.2

Diagram of air sampling flow system

Leachate Collection and Sampling
Deionized water (750 mL) was added to each constructed landfill, collected in a
glass vial (50 mL), and then filtered through a 0.22 µm nylon filter (day 0 sample). A
second portion of deionized water (200 mL) was added to the chambers and allowed to
soak for 1 hour. After 1 hour, leachate was collected in a 50 mL glass vial and filtered
through a 0.22 μm nylon filter (day 1 sample). At day 7 and on subsequent sampling
times, 200 mL of deionized water was added to each treatment and allowed to soak for 1
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hour and then collected as described above. Leachate was sampled on days 0, 7, 14, 21
and 28. The volume of leachate collected was recorded at each collection time.
Synthesis of Formaldehyde-DNPH
Excess amount of DNPH (0.4732 g) was dissolved in sufficient 2N HCl (150 mL)
to obtain an approximately saturated solution. A formalin solution (0.3 mL), which is 37
% of formaldehyde in organic-free reagent water, was added to the DNPH solution
dissolved in 2N HCl. The resulting precipitate of formaldehyde-DNPH derivative was
collected by filtration through a 0.45 μm polypropylene membrane. The derivatized
formaldehyde with DNPH was recrystallized in acetonitrile (HPLC grade) and then dried.
The purity of the formaldehyde-DNPH was determined by melting point, thin layer
chromatography, and HPLC analysis (Figure 3.3).

Figure 3.3

Melting point apparatus.
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Formaldehyde Determination
Formaldehyde was analyzed according to the U. S. Environmental Protection
Agency Method 8315A and IP-6C (US EPA 1996a, US EPA 1996b) using a Waters 2695
High-Performance Liquid Chromatography (HPLC) system with UV-Vis detection at 370
nm (Waters 996, Waters Corporation, Milford, MA). The analytical column was a 3.9 x
150 mm HPLC column (Nova-Pac® C18, 60Å, 4 μm, Waters Corporation, Milford, MA).
HPLC conditions were as follows: 40/60 acetonitrile/water (v/v), hold for 1 min; 40/60
acetonitrile/water ramp to 100% acetonitrile in 3 min; 100% acetonitrile for 10 min; flow
rate: 1.0 mL/min; injection volume: 20 μL. All reagents were HPLC grade.
Leachate (1 mL) was derivatized by adding 0.5 mL of DNPH solution (100 mg/
100 mL in 0.1 N HCl) and mixing for 20 minutes. Derivatized formaldehyde was
extracted with 1 mL of toluene, evaporated to dryness under nitrogen, re-suspended in 1
mL acetonitrile and injected into the HPLC-UV system. Formaldehyde trapped and
derivatized on the DNPH cartridge was eluted by adding 2 mL of acetonitrile and injected
into the HPLC-UV system.
Formaldehyde concentrations were determined from a calibration curve generated
using 0, 0.25, 1, 10, 25 and 100 ppm derivatized formaldehyde standards in acetonitrile.
The formaldehyde concentration in the leachate was converted to total micrograms
formaldehyde by multiplying the concentration determined from the calibration curve by
the volume of leachate collected.
The pH of each sample was determined at each sampling time using an Accumet®
AB15 Basic pH/mV meter (Fisher Scientific, Waltham, MA).
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Phase Two Study
Experimental Design
Simulated landfills were constructed in cylindrical plastic containers (15.24 cm
diameter, 22.86 cm high) as previously described with alternating layers of silty clay soil
(870 g) and cut pieces of MDF (120 g) or cured urea-formaldehyde (UF) resin (24 g) for
a total of five layers. Cut pieces of MDF and cured UF resins were wrapped with
polyethylene fabric (0.5 mm, Wal-Mart, Starkville, MS). One circular hole (5 mm
diameter) was drilled in the bottom of the containers for collection of leachate. Plastic
tubing containing a cut-off valve was attached through a hole with glue for leachate
collection (Figure 3.1). All chambers were stored in an incubator at 34 oC.
Sample Preparation of MDF and Cured Urea-formaldehyde Resin
Cut pieces of MDF (3 cm x 1.5 cm x 0.5 cm as described in phase1) was used in
this study. UF resin was provided by Georgia Pacific Chemicals (Portland, OR) The
resin was cured by adding ammonium sulfate (2.0% of total resin weight) and then
pressed at 180oC for 1 minute using a Carver Laboratory press (Carver Inc., Wabash, IN).
Cured UF resin was ground with a mortar. There were four treatments with three
replicates per treatment: 1) cut pieces of MDF wrapped in polyethylene fabric and
covered in soil, 2) cut pieces of MDF only, 3) cured UF resin wrapped in polyethylene
fabric and covered in soil and 4) soil only.
Leachate Sampling and Formaldehyde Determination
Deionized water (750 mL) was added to each constructed landfill (Figure 2.1)
then drained (by gravity) into a glass vial (50 mL), filtered though a 0.22 µm nylon filter
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and analyzed for formaldehyde (day 0 sample). A second portion of deionized water
(200 mL) was added to the chambers and allowed to soak for 1 hour. After 1 hour,
leachate was collected in a 50 mL glass vial and filtered through a 0.22 μm nylon filter
(day 1 sample). At day 7 and on subsequent sampling times, 200 mL of deionized water
was added to each treatment, allowed to soak for 1 hour and then collected as described
above. Leachate was sampled weekly for 56 days. Formaldehyde concentrations in
leachate were determined as previously described in phase I.
Soil Sampling and Formaldehyde Determination
Soil samples were collected on days 1, 28, and 56. One gram of soil was placed
in a 15 mL plastic tube and 5 mL of deionized water was added. The sample was shaken
intermittently for 5 minutes and centrifuged for 5 minutes at 7000 rpm. One milliliter of
supernatant was derivatized by adding 0.5 mL of DNPH solution (100 mg/ 100 mL in
0.1N HCl) and mixing for 20 minutes. Derivatized formaldehyde was extracted into 1
mL of toluene. The toluene was evaporated to near dryness with nitrogen and the
residues were dissolved in 1 mL acetonitrile and injected into the HPLC-UV system. The
amount of formaldehyde was calculated by multiplying the formaldehyde concentration
(ppm) by the dilution factor 5.
Environmental Impacts
Toxicity
The toxicity of leachate was measured weekly for 56 days using a toxicity auto
analyzer (Microtox m500, Microbics Corporation, Carlsbad, California). Toxicity was
determined on 3 replicates and then averaged. One milliliter of reconstitution reagent
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was added in the Microtox Acute Reagent (SDIX, Newark, DE), which contained the
freeze dried bacterium (Photobacterium phosphoreum, NRRL number B-11177) and then
placed in a pre-cooled well at 15 °C. Dilutions were made in order to generate sample
concentrations of 0, 12.5, 25, 50, and 100%. The 100% leachate concentration sample
was made by adding 2.5 mL of leachate to 250 μL of Microtox Osmotic Adjustment
Solution (AZUR Environmental, Fairfax, CA) in a Microtox cuvette placed in a precooled well at 15 °C. Serial dilutions from the 100% leachate sample were made by
adding 1.5 mL of leachate each to three wells containing 1.5 mL Microtox Diluent
(SDIX, Newark, DE) to yield solutions of 12.5, 25 and 50%. Diluted samples (0.5 mL)
were transferred to a second cuvette containing 0.5 mL Microtox Diluent. Microtox
reagent (10 μL) was added to each cuvette. The luminescence reduction of marine
bacteria was monitored at 5 and 15 minutes.
Biochemical Oxygen Demand
Biochemical Oxygen Demand (5-day BOD) of the leachates was determined
according to the U. S. Environmental Protection Agency Method 5210 B (US EPA 1999)
using a dissolved oxygen meter (YSI 5000, YSI Inc., Yellow Springs, OH) and a BOD
Probe (YSI 5010, YSI Inc., Yellow Springs, OH). Dilution water (15 L) was prepared by
adding 15 mL of each buffer solution (phosphate, magnesium sulfate, calcium chloride,
and ferric chloride) then stored for 24 hours in a low temperature incubator (Model146E,
Fisher Scientific, PA) at 20 °C. Phosphate buffer was made by adding potassium
dihydrogen phosphate (2.125 g, KH2PO4), potassium phosphate dibasic (5.425 g,
K2HPO4), sodium monohydrogen phosphate heptahydrate (8.350 g, Na2HPO4.7H2O), and
ammonium chloride (0.425 g, NH4Cl) in 250 mL of DI water. Magnesium sulfate buffer,
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calcium chloride buffer, and ferric chloride buffer were made individually by dissolving
magnesium sulfate heptahydrate (5.625 g, MgSO4.7H2O), calcium chloride (6.875 g,
CaCl2), and ferric chloride hexahydrate (0.0625 g, FeCl3.6H2O) in 250 mL deionized
water. The entire contents of one PolySeed capsule was dissolved into 500 mL of
dilution water and stirred for 1 hour. Glucose (150 mg) and glutamic acid (150 mg), both
previously oven dried for 1 hour at 80 °C were dissolved in 500 mL DI water.
For the BOD calculation, two dilution water blanks, three seed controls (using 15,
20, 25 mL of PolySeed solution respectively mixed with dilution water), two sets of 6 mL
glucose-glutamic acid standards mixed with dilution water, and 4 mL PolySeed solution
mixed with dilution water were prepared in BOD bottles (300 mL, Wheaton, Millville,
NJ). These blanks, controls and standards were analyzed with each set of samples at each
sampling time. Leachate sample bottles were prepared by adding 5 mL of leachate
sample and 4 mL PolySeed solution. All BOD samples were completely filled with
dilution water and the initial dissolved oxygen was measured. All bottles were sealed
with Parafilm and stored in an incubator at 20 °C for 5 days. After 5 days, the dissolved
oxygen was measured for each sample. BOD was calculated according to US EPA
standard method 5210B and determined weekly for 56 days.
Chemical Oxygen Demand
The dichromate reactor digestion method (Analysis of Water and Wastes, US
EPA Method 410.4-1 1993) was used for determination of COD levels in leachate sample
using the CHEMetrics COD vial kit (Range: 0-15,000 ppm (HR+) Mercury Free, K7376, CHEMetrics Inc., Midland, VA). The leachate sample was diluted (1:10) with
deionized water and a 1 mL aliquot of the diluted leachate sample was added to the COD
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vial, capped and mixed by inverting a few times. The COD vial was then heated for two
hours at 150 °C in a COD reactor block (Model 45600-00, Hach, Loveland, CO) and
allowed to cool in a dark place until the vial reached room temperature. The COD was
determined at 620 nm using a DR 2000 COD spectrophotometer (Hach, Loveland, CO)
and was determined weekly for 56 days.
Bacterial Enumeration
Bacterial enumeration of leachate was determined using the plate count method
on sterilized plates containing nutrient agar (NA, BD Difco™ Franklin Lakes, NJ) and
nutrient agar amended with 0.5 ppm formaldehyde (NA-F). Nutrient agar was prepared
by adding 23 g of nutrient agar to 1 L of deionized water and then autoclaved for 15
minutes at 120oC and 15 psi in a Sterilmatic Sterilizer (STM-EL, Market Forge
Industries, Everett, MA). After cooling to 55 °C, the media was poured in sterilized
plates to prepare the NA plates. Formaldehyde was added to cooled nutrient agar media
to make 0.5 ppm formaldehyde concentration and then poured in sterilized plates.
Leachate and soil samples were serially diluted to 10,000. One hundred microliters of
diluted sample was aseptically spread over the plates. The plates were wrapped with
Parafilm and then placed in an incubator (Equatherm, Curtin Matheson Scientific, Inc.,
Morris Plains, NJ) at 37 °C for 2 days. The colonies were counted, corrected for dilution
and recorded.
Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) was used to characterize the
chemical structure of the components in the leachate sample. The completely dried
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leachate powder sample was ground with KBr (Shimadzu, Kyoto, Japan) and then
pelletized into 13 mm diameter discs using a hydraulic press (SSP-10A, Shimadzu,
Japan).
FTIR spectra were recorded in the wave number range from 4000 to 400 cm-1
using a FTIR-8201 PC spectrophotometer (Shimadzu, Kyoto, Japan), in the percentage
transmittance (%T) mode at a resolution of 4 cm-1.
Gel Permeation Chromatography
Molecular weight distributions of the leachate components were determined using
Gel Permeation Chromatography (GPC) on day 0, 28, and 56. Each leachate sample was
filtered through a GH Polypro 0.45μm filter (Pall Corporation, Port Washington, NY).
The filtered leachate was first frozen with liquid nitrogen and then freeze dried using a
Labconco freeze dryer model 4.5 (Labconco Corporation, Kansas City, MO) for over 12
hours. The lyophilized leachate powder was collected and stored in a 4 mL or 15 mL vial
with Teflon cap. Additionally, the lyophilized leachate powder was dried again in a
vacuum oven (SACO-38, San Cheon Tech-Ind. Co, LTD, South Korea) over P2O5. The
completely dried leachate powder (70 mg) was dissolved in 1 mL of DI water and filtered
through a 0.2μm GH Polypro membrane filter (Acrodisc®, Pall Corporation, USA). The
filtered sample was stored in a refrigerator at 4 oC until use.
The filtered leachate was analyzed using a GPC system with RI detector (Shodex
RI SE-61, Showa Denko America, Inc. USA). The GPC system consisted of a pump
(Shimadzu LC-10AD, Japan), a column heater and controller (CH-30 and TC-50, Flatron,
UK) and an Autochro data module (Young Lin, South Korea). The analytical column
was an 8 x 300 mm GPC column (Shodex® OHpak KB-804, Showa Denko America, Inc.
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USA). Standards used for estimating molecular weights were Dextran T2000 (MW
2000000), T70 (MW 70000), T40 (MW39100), T10 (MW10000), glucose (MW180.16),
and ethylene glycol (MW 62.07). The aliquot of filtered sample was injected into the
pump through a sample loop (20 μL) and analyzed with GPC conditions of 0.5 mL/min
of water for 35 minutes.
Elemental Analysis
Elemental analysis (EA) was used to estimate the amount of degraded UF resin in
leachate and the amount of remaining UF resin in MDF during the 56 days study.
Leachate and small pieces of MDF were collected on day 0, 28, and 56. The completely
dried leachate powder described above and the MDF, which were ground with a HiMixer (HM-2500, Hyundai electronics Co., Ltd., Korea) were analyzed by the Center for
University – Wide Research Facilities at Chonbuk National University, South Korea, for
elemental compositions using an Elementar Vario EL analyzer (Elementar
Analysensysteme GmbH, Germany). Samples were burned in a furnace with excess
oxygen and various combustion products of carbon, hydrogen, nitrogen, and sulfur were
reduced with ultra pure copper. The reduced elements were trapped in a specific column
and reheated for determination of the masses of the elements. The masses of these
combustion products were used to calculate the elemental composition of the leachate
and MDF sample.
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Chemical Composition of MDF Disposed in Soil
Cold-water Extraction
Cold-water extraction was analyzed according to Technical Association of the
Pulp and Paper Industry Method T-207 cm-99 (TAPPI 2008). The air-dried ground MDF
(1 g) was added to a 250 mL Erlenmeyer flask followed by 100 mL of DI water. The
sample flask was covered with aluminum foil, and then let stand for 3 hours with an
occasional shaking. After 3 hours, the slurry was filtered through a pre-weighed coarse
glass filter (30 mL). After filtering, the Erlenmeyer flask and the glass filter were rinsed
with 100 mL of cold water. The glass filter was placed in the oven overnight at 105±2
o

C. The percentage of cold-water extract was calculated using the following equation:

Cold-water extract (%) =

W0 – W2
------------------- × 100
W0

(3.1)

W0: weight of oven-dried ground MDF, W2: weight of oven-dried ground MDF after
extraction

Hot-water Extraction
Hot-water extraction was analyzed according to Technical Association of the Pulp
and Paper Industry Method T-207 cm-99 (TAPPI 2008). The air-dried ground MDF (1
g) was added to a clean 250 mL Erlenmeyer flask followed by 100 mL of DI water. The
flask was covered with a 50 mL Erlenmeyer flask, as a cooling condenser, and then kept
in a boiling water bath (Büchi 240, Germany) for 3 hours. Hot water was added during
the extraction process to maintain the appropriate water level. The Erlenmeyer flask was
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occasionally shaken. After 3 hours, the slurry was carefully (without disturbing the solid
material) filtered through a pre-weighed coarse glass filter (30 mL). After filtering, the
Erlenmeyer flask and the glass filter were rinsed with 100 mL of hot water and the glass
filter was placed in the oven at 105±2 oC overnight. The percentage of hot-water extract
was calculated using the following equation:

Hot-water extract (%) =

W0 – W2
------------------- × 100
W0

(3.2)

W0: weight of oven-dried ground MDF, W2: weight of oven-dried ground MDF after
extraction
One Percent Sodium Hydroxide Extraction
One Percent Sodium Hydroxide Extraction was analyzed according to Technical
Association of the Pulp and Paper Industry Method T-212 om-02 (TAPPI 2002b). The
air-dried ground MDF was added to a clean 250 mL Erlenmeyer flask. One hundred
milliliters of 1% sodium hydroxide was added to the sample flask. The sample flask was
covered with a 50 mL Erlenmeyer flask, as a cooling condenser, and then placed in a
water bath (Büchi 240, Germany) maintained at 97 to 100 °C for 60 min. Pre-heated
water was added during the extraction to maintain an appropriate water level. Also, the
Erlenmeyer flask was shaken gently about 5 s at 10, 15, and 25 min intervals. After 1
hour, the slurry was carefully filtered through a prepared pre-weighed coarse glass filter
(30 mL) so as not to disturb the solid material. After filtering, the remaining sample in
the Erlenmeyer flask and the glass filter were rinsed with 100 mL of hot water. Acetic
acid (25 mL, 10% v/v) was added to the glass filter, let stand for 1 min, and then filtered.
The process was repeated. The material was washed finally with hot water to remove the
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remaining acetic acid. The glass filter was placed in the oven at 105±5 oC overnight.
The percentage of one percent sodium hydroxide extract was calculated using the
following equation:
W0 – W2
One percent sodium hydroxide extract (%) = ------------------- × 100
W0

(3.3)

W0: oven-dried weight of ground MDF, W2: oven-dried weight of ground MDF after
extraction
Dichloromethane Extraction
Dichloromethane Extraction was analyzed according to Technical Association of
the Pulp and Paper Industry Method T-204 cm-97 (TAPPI 2007). The air-dried ground
MDF (10 g) was placed in a Whatman cellulose thimble (33 mm external diameter x 88
mm external length) and weighed. The thimble was covered with cotton, and placed in a
Soxhlet extractor. Two hundred milliliters of dichloromethane and several boiling stones
were added to a pre-weighed 250 mL flat bottom round flask. The Soxhlet extractor, a
cooling condenser, and the flask were assembled together and placed on a hot plate
(Corning PC 35, USA). Dichloromethane was cycled through the Soxhlet extractor every
10 minutes over 6 hours. The ground MDF was removed from the thimble and dried in a
fume hood at room temperature. The dichloromethane was removed by evaporation
using a rotary evaporator system (Büchi 011 and 461, Germany) and the flask which
contained the dichloromethane extract was dried in the oven at 105±2 oC overnight. The
percentage of dichloromethane extractives was calculated using the following equation:
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Dichloromethane extract (%) =

W3 – F
----------------- × 100
W0

(3.4)

W3: weight of flask with dichloromethane extractives (g), F: weight of flask (g), W0:
weight of oven-dried ground MDF
Determination of Holocellulose
The air-dried MDF after dichloromethane extraction (DFM, 2.5 g) was put in a
250 mL Erlenmeyer flask and 150 mL of deionized water was added. One gram of
sodium chlorite (NaClO2) and 0.2 mL of acetic acid were added to the flask and then
gently shaken. A 50 mL Erlenmeyer flask was put upside down as an air-cooling
condenser on the 250 mL Erlenmeyer flask, and then placed into a water bath pre-set at
75±5 oC. The sample flask was occasionally shaken gently and 1.0 g of NaClO2 and 0.2
mL of acetic acid was added every hour for 7 times until the DFM’s color turned white.
After the DFM’s color turned white, the slurry was carefully filtered through a coarse
glass filter so as not to disturb the solid material. The residue was washed with DI water
until the chlorine dioxide’s color (yellow) and scent were removed and then washed with
acetone. The coarse glass filter was dried in an oven at 105±2 oC overnight. The
percentage of holocellulose was calculated using the following equation:

Holocellulose (%) =

W3 – C
----------------- × 100
W0

(3.5)

W3: weight of crucible with holocellulose (g), C: weight of crucible (g), W0: weight of
oven-dried DFM (MDF after dichloromethane extraction)
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Determination of Klason Lignin and Acid Soluble Lignin
DFM (0.5 g) was added to a 20 mL beaker followed by 7.5 mL of 72% sulfuric
acid (H2SO4, d=1.639). The sample was hydrolyzed for 4 hours while the solution was
stirred with a glass rod every 30 minutes. After 4 hours, the solution was transferred to a
500 mL Erlenmeyer flask and then 275 mL of DI water was added to dilute the solution
from 72% sulfuric acid to 3% sulfuric acid. The diluted solution was heated in an
autoclave (Market Forge 95-2903, USA) for 1 hour at 120 oC. The autoclaved solution
was filtered through a fine glass filter (30 mL). Supernatant was carefully filtered not to
disturb the precipitates. The residue in the glass filter was rinsed with 120 mL of hot DI
water. The cooled filtrate was diluted to 500 mL with DI water using a volumetric flask
and stored for the determination of acid-soluble lignin. The precipitate washed with hot
water in the glass filter was dried in an oven at 105±2 oC overnight. The percentage of
Klason lignin was calculated using the following equation:

Weight of Klason lignin (g)
Klason lignin (%) = -------------------------------------------------- × 100
Weight of oven-dried DFM (g)
DFM: MDF after dichloromethane extraction
Approximately 2.5 mL of the diluted solution described above was used to
determine acid soluble lignin with UV absorbance at 208 nm using UV-VIS
spectrophotometer (Cary 100 Bio, USA). The percentage of acid soluble lignin was
calculated using the following equation:
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(3.6)

DV (As – Ab)
Acid soluble lignin (%) = ------------------------------ × 100
aW

(3.7)

D: dilution ratio, V: total volume of filtered, As: absorbance of sample, Ab: absorbance
of blank, a: lignin extinction coefficient, and W: oven dried sample weight (g)Lignin
extinction coefficient: 105 L/g·cm (208 nm, Ehrman 1996).
Ash Content
Ash content was determined according to Technical Association of the Pulp and
Paper Industry Method T-211 (TAPPI 2002c). Air-dried MDF (3 g) was added to a clean
pre-weighed crucible (30 mL). The crucible was placed into a muffle furnace
(Thermolyne 1400, USA) set at 600±5 oC for 6 hours. The sample was monitored and
rotated frequently until no black particles remained. After the ground MDF was
completely burned to ash, the crucible was cooled in a desiccator without desiccant. The
percentage of ash content was calculated using the following equation:
Ash content (%) =

W3 – C
----------------- × 100
W0

(3.8)

W3: crucible weight with ash (g), C: weight of crucible (g), W0: weight of oven-dried
ground MDF
Morphological Properties of MDF
Scanning Electron Microscopy
Scanning electron microscopy (SEM) was used to visualize the MDF for
degradation. Small pieces of MDF samples were collected at days 0, 28, and 56, and
dried in the oven at 50 oC overnight. MDF sample was broken on its left side (2 - 3 mm)
in order to access a clean wood specimen. Each wood specimen was placed on the
sample stub with carbon tape. Carbon paint was applied to the edge between sample and
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the sample stub. The MDF samples for SEM were coated with gold-palladium (Au/Pd) 3
times for 100 seconds each using a JEOL JFC-1200 fine-coater (JEOL Ltd., Japan). The
multy-pin stub holder was placed in the JSM 5200 SEM (JEOL Ltd., Japan) and then
tilted to a -45o angle for improving target images. SEM images were taken at 100, 1000,
and 10000 magnifications at 20 mm work distance and 15 kV conditions.
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CHAPTER IV
RESULTS AND DISCUSSION

Preliminary Study
Extraction of Formaldehyde – 2,4-Dinitrophenylhydrazine (DNPH)
The purpose of the preliminary study was to determine if formaldehyde
concentration could be determined by extraction from water, derivatizing with DNPH and
analyzing by HPLC. Derivatized formaldehyde was used as a standard for the
formaldehyde determination. The formula for the formaldehyde-DNPH compound is
H2C=NNHC6H3(NO2)2 and the derivatization reaction of formaldehyde and DNPH
occurs in a 1 to 1 ratio as shown in Figure 4.1. The formaldehyde-DNPH (0.2168 g, 43
%) was yellow, rectangular crystals.

Figure 4.1

Reaction of carbonyl compounds with DNPH (DeGraff et al. 1996)
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Table 4.1

Amount of reagents used and product yield for derivatizing formaldehyde
with DNPH.

DNPH
(mmole)
2.25 (0.4732 g)

Formaldehyde
(mmole)
3.99 (0.119 g)

HCl/H2O
(mL)
150

Formaldehyde-DNPH
(mmole)
1.03 (0.2168 g)

The purity of the formaldehyde-DNPH was evaluated by melting point
determination, thin layer chromatography, and HPLC analysis. The reported melting
point of pure formaldehyde-DNPH is 153-156 °C (Sigma-Aldrich 1998). In this
experiment, the melting point obtained for formaldehyde-DNPH was 154-155 °C and one
clear yellow spot was visible on the thin layer chromatogram. In addition the purity of
the formaldehyde-DNPH was estimated by the shape of the peak at a retention time of 4
minutes as determined by HPLC (Figure 4.2). The lower limit of detection (LOD) was
0.2 ppm.

Figure 4.2

HPLC analysis of formaldehyde-DNPH at 370 nm.

52

Formaldehyde-DNPH Standard Curve
Formaldehyde-DNPH standard curve was created with six different
concentrations of the formaldehyde-DNPH standards (Figure 4.3) and produced R2
values of 0.99 that were used to calculate concentrations of formaldehyde-DNPH based
on peak area.

Formaldehyde-DNPH Standared Curve
12000

Peak area

10000

y = 97142x
R² = 0.993

8000
6000
4000
2000
0

Figure 4.3

0

50
100
Concentration (ppm)

150

Formaldehyde-DNPH standard curve.

The equation used to calculate the concentration of formaldehyde-DNHP in this
study is as follows:
Y = 97142x
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(4.1)

Phase One Study
Formaldehyde Emission in Air
The purpose of phase I study was to determine the concentration of formaldehyde
emission in air from the simulated landfill. There were 4 treatments in phase I study
which included ground MDF in soil (treatment 1), cut pieces MDF in soil (treatment 2),
soil only (treatment 3), and ground MDF only (treatment 4) over 28 days.
The highest concentration of formaldehyde was released from the ground MDF
only treatment compared to the treatments containing soil and this concentration occurred
on day 0 (Figure 4.5). The majority of formaldehyde was emitted during the first 14
days, and then formaldehyde emissions were observed in constant, low levels through the
remainder of the study. Lowest emission level of formaldehyde from ground MDF only
(13.9 ppm) was greater than the highest emission level (10.5 ppm) in the soil added
treatments.
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Formaldehyde Emission in Air

160.00

Concentration (ppm)

140.00

Ground MDF/soil
Cut pieces of MDF/soil
Soil only
Ground MDF only

120.00
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Figure 4.4
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14
Time (day)

21

28

Formaldehyde concentration released in air from ground MDF in soil
(blue), cut pieces of MDF in soil (red), soil only (green) and ground MDF
only (purple) in air on days 0, 7, 14, 21, and 28.

The formaldehyde concentration values represent the average of three replicates.
In order to better analyze formaldehyde emissions among the ground MDF in soil,
cut pieces of MDF in soil, and soil only treatments, it was necessary to remove the
ground MDF only from Figure 4.5 (Figure 4.6). On day 0, approximately 2.5 times more
formaldehyde was emitted from ground MDF in soil (5.6 ppm, treatment 1) than in cut
pieces of MDF in soil (2.3 ppm, treatment 2). However, in the second sampling time, the
opposite occurred: approximately 3.5 times (10.6 ppm) more formaldehyde was released
in the cut pieces of MDF in soil than from ground MDF in soil (3.0 ppm, treatment 1).
On day 21, approximately 1.5 times more formaldehyde was emitted from cut pieces of
MDF in soil (treatment 2) compared to ground MDF in soil (treatment 1). By the end of
the study the formaldehyde released from ground MDF in soil and cut pieces MDF in soil
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(treatment 1 and 2respectively) were between 1-3 ppm. Formaldehyde emissions from
soil only ranged between 1.0 - 1.5 ppm over the study (Figure 4.6).

Formaldehyde Emission in Air (without MDF only)
12.00
Ground MDF/soil
Cut pieces of MDF/soil
Soil only

Concentration (ppm)

10.00
8.00
6.00
4.00
2.00
0.00

Figure 4.5
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14
Time (day)
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28

Formaldehyde concentration released in air from ground MDF in soil
(blue), cut pieces of MDF in soil (red), soil only (green) in air on days 0, 7,
14, 21, and 28

The formaldehyde concentration values represent the average of three replicates.
ANOVA analysis (p = 0.05) indicated that there were no significant differences in
formaldehyde air emission between ground MDF in soil (treatment 1) and cut pieces of
MDF in soil (treatment 2, Table 4.2). However there were significant differences in
formaldehyde air emissions between treatments containing MDF and soil and those with
soil or MDF only. These results indicated that disposal of MDF in soil simulating
disposal in a landfill reduced the formaldehyde emission in air from the MDF, but
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different MDF sizes, ground and cut pieces, did not affect the average formaldehyde air
emission.
Table 4.1

Statistical (ANOVA) analysis of total formaldehyde (ppm) released from
treatments of MDF only, ground MDF in soil, cut pieces of MDF and soil
only with respect to time.

Tukey’s
Mean
Treatment
Grouping
Formaldehyde
A
MDF only
52.8
B
Ground MDF in soil
4.1
B
Cut pieces of MDF in soil
6.1
C
Soil only
1.3
Different letters indicate significant differences among treatments. Mean values
represents the average of formaldehyde from three replicates. A difference of 4.0
indicates mean values are significantly different.
Soil characteristics such as type, porosity and drainage may influence the
formaldehyde that is released into the air from the disposed MDF. The silty clay soil,
used in this study contains 40% or more clay and 40% or more silt and has poor porosity,
poor drainage and a high water holding capacity (NRCS 1999). Sandy soil which has a
high porosity and high drainage may result in more formaldehyde emission than silty or
clay soils. According to the California Environmental Protection Agency, the air from all
treatments can cause eye and nose irritation, nasal stuffiness, and lung discomfort
(coughing, wheezing, and bronchitis symptoms) due to the formaldehyde concentrations
of 40 - 500 ppb.
Formaldehyde was collected only for 4 hours at a constant flow rate, so the data
does not represent the total amount of formaldehyde emission over time. Continuous
monitoring of formaldehyde emission was not adopted in this study because of limited
laboratory and experimental design resources.
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Formaldehyde Concentration of Leachates
The purpose of this study was to determine the concentration of formaldehyde in
leachate from the simulated landfills. Formaldehyde concentration values from leachate
samples collected from 4 treatments over 28 days is shown in Figure 4.7.

Formaldehyde Concentration in Leachate
250
Ground MDF/soil
Cut pieces of MDF/soil
Soil only
Ground MDF only

Concentration (ppm)

200

150

100

50

0

0

Figure 4.6

7

14
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21

28

Formaldehyde concentration of leachates from ground MDF in soil (blue),
cut pieces of MDF in soil (red), soil only (green) and ground MDF only
(purple) in leachate for 0, 7, 14, 21, and 28 days.

The formaldehyde concentration values represent the average of three replicates.

Higher formaldehyde concentrations were detected in leachate in ground MDF
only treatment (treatment 4) compared to the other treatments: ground MDF in soil
(treatment 1), cut pieces of MDF in soil (treatment 2), and soil only (treatments 3). The
highest formaldehyde concentration was observed on day 1 and occurred in all treatments
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after the collection of the saturation leachate (Day 0, Figure 4.7). On day 1 the leachate
from ground MDF only was highest in formaldehyde (219.9 ppm) compared to ground
and cut pieces of MDF in soil (93.6 and 82.9 ppm respectively) while the soil only
contained the lowest amount of formaldehyde (2.5 ppm) in the leachate. The amount of
released formaldehyde decreased by 47% in the ground MDF only (treatment 3) by day 7
compared to a 60-85 % decrease in the ground and cut pieces of MDF in soil (treatment 1
and 2) and the soil only (treatment3). The formaldehyde released in each treatment
continued to decrease on days 14 and 21. By the end of phase I study at day 28, the
formaldehyde released in the leachate had been reduced by 99 % in treatments containing
MDF and soil (#1 and #2) and by 87% in the MDF only (treatment 3).
ANOVA analysis (p = 0.05) indicated that ground MDF in soil (treatment 1) and
cut pieces of MDF in soil (treatment 2) had no significant differences in formaldehyde
released (Table 4.3).

However there were significant differences in formaldehyde

released from ground MDF only (treatment 3) and MDF in soil (treatment 1 and 2) and
soil only (treatment 4). The formaldehyde released in leachate from MDF disposed under
soil in a simulated landfill is significantly reduced over 21 days but size (ground and cut
pieces) of MDF did not affect formaldehyde concentration in leachate.
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Table 4.2

Statistical (ANOVA) analysis of total formaldehyde (ppm) released in
leachate from treatments of MDF only, ground MDF in soil, cut pieces of
MDF and soil only with respect to time.

Tukey’s
Mean
Treatment
Grouping
Formaldehyde
A
Ground MDF only
91.8
B
Ground MDF in soil
25.0
B
Cut pieces of MDF in soil
29.7
C
Soil only
0.9
Different letters indicate significant differences among treatments. Mean values
represents the average of formaldehyde from three replicates. A difference of 24.1
indicates mean values are significantly different.
pH and Leachate Volume
The initial pH of the leachate from soil without MDF was 6.4, then increased to a
maximum of 6.8 on day 21 and remained at approximately 6.7 through day 28. The pH
of the leachate from MDF disposed in soil (treatment 1) had a lower pH (4.7) than the
soil only but increased to 6.7 by day 28 (Figure 4.8).
The pH of the leachates of ground and cut pieces MDF disposed in soil and the
ground MDF only treatments (1, 2, and 4 respectively) was lower than in the soil only
treatment (3). This is most likely due to the acidic catalysts used in making the UF resin
that binds the MDF and the acidic wood fibers. However, the pH of the leachate in
treatments 1 and 2 increased to equal or near equal to that of the soil’s pH by the end of
study. The pH of the ground MDF only (treatment 4) remained below that of the other
treatments, indicating that the soil helped to reduce the acidity of the leachate overtime.
This data indicates that most of the acidic material in the MDF in soil was removed
during the 28 days test period.
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pH values of leachate from ground MDF in soil (blue), cut pieces of MDF
in soil (red), soil only (green) and ground MDF only (purple) on days 0, 7,
14, 21, and 28.

The pH represents the average of three replicates.
The amount of leachate decreased through day 21 in samples containing soil and
MDF, most likely caused by the absorption of water by the combination of soil and MDF
(Figure 4.9). At day 28, the amount of leachate increased slightly in treatments
containing MDF. The amount of leachate from soil only (treatment 3) was more constant
over time compared to the other treatments containing MDF. At the last sampling time,
the amount of leachate from the treatments containing MDF in soil (#1 and #2) increased
4 - 5x.
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Leachate (mL) from ground MDF in soil (blue), cut pieces of MDF in soil
(red), soil only (green) and ground MDF only (purple) for 0, 7, 14, 21, and
28 days.

The volume represents the average of three replicates.
In summary, the formaldehyde in leachate (Figure 4.7) from ground MDF only
(treatment 3) was reduced by 50% by the second sampling time and by 83% at the end of
the study. The formaldehyde reduction in MDF in soil treatments (#1 and #2) was 90 96% at day 7 and increased to 99% at the end of the study. This indicates that the soil
may have trapped the formaldehyde thereby reducing its concentration in the leachate
overtime.
At the end of the study, formaldehyde in the leachate from ground MDF in soil
and cut pieces MDF in soil was less than the formaldehyde in leachate from soil only on
Day 0. From this data, nearly all of the detectable free formaldehyde was removed from
the MDF plus soil treatments. However, formaldehyde was still detected in the leachate
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from ground MDF only. Reduction of formaldehyde in the leachate from soil amended
treatments may have been due to transformation or degradation of formaldehyde by soil
microorganisms or binding to the soil.
Phase Two Study
The purpose of phase II study was to determine the formaldehyde in leachate and
in soil and to evaluate the environmental impacts of the leachate based on BOD, COD,
toxicity and bacterial enumeration. Based on phase I study, size (ground or cut pieces) of
disposed MDF did not significantly influence formaldehyde leaching. Therefore, cut
pieces MDF was used in phase II study. In order to evaluate the degradation of the cured
UF resin in soil, a treatment containing cured UF resin was added to phase II study.
There were 4 treatments in phase II study which included cut pieces MDF in soil
(treatment 1), cut pieces MDF without soil (treatment 2), cured UF resin in soil
(treatment 3), and soil only (treatment 4). Sampling occurred on day 0 and weekly over
56 days.
Formaldehyde Concentration of Leachate
More formaldehyde was in leachate from MDF only (treatment 2, red) than MDF
in soil, UF resin in soil, and soil only (treatment 1, 3, and 4 respectively, Figure 4.10).
The highest formaldehyde concentrations in leachates were from MDF only at 211.5
ppm, MDF in soil at 133.8 ppm, UF resin in soil at 118.3 ppm, and lowest in soil only at
2.8 ppm. In the UF resin in soil (treatment 3), a 95% formaldehyde reduction was
observed at day 14. After day 14 the formaldehyde concentration level was about the
same level as in the soil only treatment. In the MDF with soil (treatment 1), the
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formaldehyde concentration was reduced by 95% at day 28. At the end of the study,
formaldehyde concentrations in treatments containing soil and MDF or UF (#1 and #3)
were 0.5 and 0.6 ppm which was close to the soil only (0.4 ppm). However at the end of
the study (56 days) on MDF only (treatment 2), formaldehyde concentration was reduced
from 211.5 ppm to approximately 25 ppm. According to WHO (2005), the drinking
water quality guideline is 0.9 mg/L for formaldehyde, therefore the leachate at the end of
the study from all treatments except MDF only (treatment 2) was less than formaldehyde
concentration-based drinking water standard.
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Formaldehyde concentrations in leachate from MDF in soil (blue), MDF
only (red), cured UF resin in soil (green), and ground soil (purple) for 56
days.

The formaldehyde concentration values represent the average of three replicates.
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ANOVA analysis (p = 0.05) indicated soil amended treatments 1 and 2 (MDF and
UF resin) were significantly lower than MDF only (treatment 4) with respect to
formaldehyde concentration in leachates (Table 3.1). This means that presence of soil
greatly reduce the formaldehyde concentration in leachate from MDF. Also, there was a
significant difference in formaldehyde released from MDF and UF resin in soil with more
formaldehyde being released from MDF than UF resin. Table 4.4 details the variation
between treatments of formaldehyde in leachate.

Table 4.3

Statistical (ANOVA) analysis of total formaldehyde released in leachates
from treatments of MDF only, MDF in soil, UF resin in soil, and soil only
overtime.

Tukey’s
Mean
Treatment
Grouping
Formaldehyde
A
MDF only
92.8
B
MDF in soil
33.6
C
UF-resin in soil
15.4
D
Soil only
0.9
Different letters indicate significant differences among treatments. Mean values
represents the average of formaldehyde from three replicates. A difference of 14.0
indicates mean values are significantly different.
Based on phase II study, formaldehyde concentration trends were similar to phase
I study. At the end of the study, formaldehyde in the leachate from MDF and UF resin
disposed in soil was less than the formaldehyde in leachate from soil only on Day 0.
However, formaldehyde was continuously detected in the MDF only (treatment 2)
throughout study. The amount of free formaldehyde in UF resin may be less than free
formaldehyde in MDF due to curing of the UF resin. Incomplete chemical reaction of UF
resin can cause more free formaldehyde to exist within the MDF and more formaldehyde
in the leachate.
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Formaldehyde in Soil
Formaldehyde in soil was analyzed to determine the amount of formaldehyde in
soil from the simulated landfill after collection of leachate (Figure 4.11). The highest
concentration of formaldehyde was approximately 124.5 ppm, followed by 118.9 ppm,
and lowest in 3.2 ppm (MDF in soil, MDF only, and soil only respectively) on day 1.
The formaldehyde concentration in soil on day 1, 28, and 56 was approximately that of
the leachates’ formaldehyde concentration (Figure 4.11).
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Comparisons of formaldehyde concentrations in leachate and soil from
treatment 1: MDF in soil (blue), treatment 3: UF resin in soil (red), and
treatment 4: soil only (green) at three sampling times (day 1, 28, and 56).

The formaldehyde concentration values represent the average of three replicates.
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The concentration of formaldehyde in soil was not significantly different between
leachate and soil according to ANOVA analysis (p = 0.05) overtime within each
treatment (Table 4.5). However, there were significant differences between MDF and UF
resin amended samples (treatment 1 and 3) and soil only sample (treatment 4, Table 4.5).
These results should help to address the fate of formaldehyde in soil.
Table 4.4

Statistical (ANOVA) analysis of total formaldehyde released in soil and
leachate from treatments of MDF in soil, UF resin in soil, and soil only with
respect to time.

Tukey’s
Mean
Treatment
Grouping
Formaldehyde
A
Soil (Treatment 1)
45.1
A Leachate (Treatment 1)
48.0
A
Soil (Treatment 3)
40.8
A Leachate (Treatment 3)
40.5
B
Soil (Treatment 4)
1.7
B
Leachate (Treatment 4)
1.7
Different letters indicate significant differences among treatments. Mean values
represents the average of formaldehyde from three replicates. A difference of 27.0
indicates mean values are significantly different.
pH of Leachate
The pH of the leachate from the 4 treatments over the 56 day test period is shown
in Figure 4.12. The initial pH of the leachate from soil without MDF was 6.43, increased
to a maximum of 6.90 on day 35 and 42 and remained at approximately 6.87 through 56
days. The pH in the leachate from soil plus MDF (treatment 1) was initially 4.48 and
increased to 6.73 by day 56. Soil may help to increase the pH of the leachate from MDF
in soil to neutral overtime.
The initial pH of the UF resin in soil was higher (5.43) than the cut pieces MDF
with or without soil. Overtime the pH of these treatments increased and by the end of
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the study their pH equaled that of the soil only treatment (6.87). The initial acidity may
be due to the acidic catalysts used in making the UF resin and the acidic wood fibers.
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pH values of leachates from MDF in soil (blue), MDF only (red), UF resin
in soil (green) and soil only (purple) for over 56 days.

The pH values represent the average of three replicate.
Environmental Impacts
Toxicity
The toxicity of leachate from the treatments of phase II was measured weekly.
The purpose of this experiment was to investigate toxicity of leachate from the simulated
landfill over 56 days. The leachate of cut pieces MDF only (treatment 2) was relatively
more toxic than other treatments: MDF in soil (#1), UF resin in soil (#3), soil only (#4),
and DI water (Figure 4.13). The relative toxicity of MDF in soil (treatment 1) and MDF
only (treatment 2) initially increased from day 0 to day 7 but decreased during the study.
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Toxicity was relatively higher in the MDF only than the MDF with soil throughout the
study. The highest relative toxicity was in leachate samples of MDF only followed by
MDF in soil on day 7 while UF resin in soil had its highest toxicity on day 0 (Figure
4.13). In soil only (treatment 4), a relatively lower toxicity was observed at all sampling
times. At the end of the study, MDF in soil, UF resin in soil, and soil only (treatment 1,
3, and 4 respectively) had the same low relative toxicity of leachate compared to MDF
only. During the 56 days, 74 % of the relative toxicity was reduced in MDF only
(treatment 2) while 97 % was reduced in MDF in soil (treatment 1). Trapping the
formaldehyde and reducing the formaldehyde concentration in soil may cause reduction
in relative toxicity of leachate.
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Relative toxicity of DI water (blue) and leachate from MDF in soil (red),
MDF only (green), UF resin in soil (purple) and soil only (sky blue) for 56
days.

The toxicity represents the average of three replicates.
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ANOVA analysis (p = 0.05) indicated the toxicities in the leachate from MDF in
soil (treatment 1) and MDF only (treatment 2) were significantly different from each
other over 56 days (Table 4.6). Table 4.7 indicates the mean toxicity values overtime
between disposed MDF in soil (treatment 1 and 2) and non-disposed MDF in soil
(treatment 3 and 4) were analyzed according to ANOVA analysis (p = 0.05). There was
no significant difference in formaldehyde released in leachate from UF resin in soil
(treatment 3) and soil only (treatment 4).
Table 4.5

Statistical (ANOVA) analysis of significant variation in relative toxicity of
leachate with respect to MDF in soil and MDF only treatments.

Tukey’s
Grouping

Treatment

A

MDF only

Time (day)
0
7
4.35 5.76

14
5.34

21
4.23

28
4.00

35
2.34

42
2.05

49
1.56

56
1.12

B
MDF in soil 3.23 4.34 3.45 2.93 1.34 1.02 0.56 0.20 0.10
Different letters indicate the treatments are significantly different at each sampling time.
Mean values represent the average of three replicates. A difference of 1.01 between mean
values signifies the minimum significant difference.
Table 4.6

Statistical (ANOVA) analysis of total relative toxicity of leachate with
respect to MDF in soil, MDF only, UF resin in soil, and soil only
treatments.

Tukey’s
Treatment
Mean
Grouping
A
MDF only
3.41
B
MDF in soil
1.90
C
UF-resin in soil
0.56
C
Soil only
0.10
Different letters indicate the treatments are significantly different at each sampling times.
Mean values represent the average of three replicates. A difference of 1.32 between mean
values signifies the minimum significant difference.

70

Biochemical Oxygen Demand
The purpose of this experiment was to determine the biochemical oxygen demand
(BOD) in leachate from the simulated landfill over 56 days. The BOD provides
information on the biologically convertible quantity of organic substances in water
(Aqualytic® 2008). The leachate from MDF in soil had a higher BOD value than leachate
from MDF only, UF resin in soil, and soil only treatments (#2, #3, and #4 respectively)
overtime (Figure 4.14). The range of BOD in MDF in soil (treatment 1) was between
139 - 259 mg/L which indicates poor water quality according to Nemerow (1991)
because it is close to the BOD level of raw sewage. In MDF only (treatment 2), BOD
increased from 12 to 175 mg/L during the first 28 days and reduced then decreased to 84
mg/L during the last 28 days. During the 56 day study, the BOD of the leachate from the
UF resin in soil (treatment 3) the leachate’s BOD values remained around 80 mg/L, while
the BOD values from soil only (treatment 4) decreased from 62 to 12 mg/L. Based on
BOD results, MDF causes an increase in BOD most likely because MDF in soil provides
a carbon source for growth of microorganisms. In treatments containing MDF and soil,
soil is a source of a large number of microorganisms that can degrade carbon increasing
the oxygen demand and the BOD.
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BOD values of leachate from MDF in soil (blue), MDF only (red), UF resin
in soil (green) and soil only (purple) for 56 days.

The BOD values represent the average of three replicates.
Chemical Oxygen Demand
The purpose of this experiment was to determine the chemical oxygen demand
(COD) in leachate from the simulated landfill over 56 days. COD provides information
about the water quality by measuring organic and inorganic substances in aquatic
samples. The COD therefore provides information on the chemically convertible
quantity of the organic or inorganic substances in water. The monitoring results of COD
from 4 treatments during 56 days are shown in Figure 4.15.
The range of COD in MDF in soil (treatment 1) was between 1114 - 2439 mg/L
which indicates poor water quality. Higher COD values were observed from MDF in soil
(treatment 1) than other treatments such as MDF only (treatment 2), UF resin in soil
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(treatment 3), and soil only (treatment 4) except on day 0 sampling time. On day 0, MDF
only (treatment 2) had a higher COD value than MDF in soil (treatment 1). At the second
sampling time, day 7, and thereafter however, COD values of MDF in soil (treatment 1)
were higher than MDF only (treatment 2).
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COD values of leachates from MDF in soil (blue), MDF only (red), UF
resin in soil (green) and soil only (purple) for 56 days.

The COD values represent the average of three replicates.
In MDF only (treatment 2), COD decreased from 2104 to 904 mg/L on day 14
and then values were 900 - 1000 mg/L at the remaining sampling times. More debris
from the MDF was possibly discharged to the leachate at the first sampling time which
may have caused the initial higher COD from MDF only (treatment 2) than MDF in soil
(treatment 1). The COD of MDF only (treatment 2) decreased by almost 50% and
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remained until the end of study most likely due to the decrease in water soluble materials
from the MDF being removed on day 0.
UF resin in soil (treatment 3) and soil only (treatment 4) had lower COD values
overtime compared to MDF in soil (treatment 1) and MDF only (treatment 2). COD
decreased from 156 to 18 mg/L over the 56 day study on soil only (treatment 4), while
COD decreased from 261 to 47 mg/L at 56 days on UF resin on soil (treatment 3).
Bacterial Enumeration
The purpose of this experiment was to evaluate the water quality of the leachate
from the simulated landfills over 56 days based on the bacterial enumeration technique.
Bacterial enumeration is one of the water quality indicators and provides information on
the water quality for use. The bacterial enumeration of leachate from 4 treatments in
phase II during 56 days is shown in Figure 4.16.
Bacterial population increased from day 0 to day 35 and decreased to the end of
the study in all treatments. Leachate from MDF in soil (treatment 1) had lower bacterial
populations than other treatments while higher bacterial populations were observed on
MDF only (treatment 2). The bacterial enumeration of UF resin in soil (treatment 3) and
soil only (treatment 4) followed a similar pattern for 56 days (Figure 4.16).
Lower bacterial populations in leachate from MDF in soil (treatment 1) may have
been the result of the low oxygenated soil and an anaerobic environment. In contrast, the
higher bacterial population in MDF only (treatment 2) may have been the result of an
aerobic environment. The UF resin does not appear to have affected bacterial
populations in this experiment when compared to the soil only (treatment 4).
74

x Thousand

Colony-forming unit (CFU)

Bacterial Enumeration
200
180
160
140
120
100
80
60

Soil
MDF + Soil
MDF olny
UF resin + Soil

40
20
0

Figure 4.15

0

7

14

21

28
Time (Day)

35

42

49

56

Bacterial enumeration of leachate from MDF in soil (red), MDF only
(green), UF resin in soil (purple) and soil only (blue) for 56 days.
Fourier Transform Infrared Spectroscopy

The purpose of this experiment was to analyze the change in functional groups of
compounds in the leachate from the simulated landfills over 56 days. Figure 4.17 shows
the FT-IR spectrum of original UF resin, which was a powder.
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Figure 4.16

FT-IR chromatogram of original cured UF resin.

Leachate from all treatments showed an O-H stretch at 3336 cm-1, a CH- stretch
(methyl- and methylene groups) at 2938 cm-1, a aromatic skeletal vibration plus C=O
stretch at 1593 cm-1, a CH deformation (cellulose and hemicellulose) at 1372 cm-1, and a
C-O-C vibration (cellulose and hemicellulose) at 1157 cm-1 on day 0. FT-IR spectra of
leachates from soil only (treatment 4) on days 0, 28, and 56 are shown in Figure 4.18.
During the 56 days, the O-H stretch separated into two peaks, while the CH- stretch
(methyl- and methylene groups) was not observed on days 28 and 56. A stronger and
sharper aromatic skeletal vibration plus C=O stretch at 28 and 56 days was detected
compared to day 0. A CH deformation in cellulose and hemicellulose was strong and
sharp on days 0, 28, and 56. An aromatic skeletal vibration combined with a CH in plane
deformation peak was distinctive on days 28 and 56. FT-IR spectrum at 1200 - 1000 cm-1
region was sharper on days 28 and 56. FT-IR spectrum of the leachate from soil only
(treatment 4) did not change overtime.
FT-IR spectra of leachates from MDF in soil (treatment 1) overtime are shown in
Figure 4.18b. In leachate from MDF in soil (treatment 1), on day 0, the O-H stretch and
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CH- stretch in methyl- and methylene groups appeared the same as in the soil only
(treatment 4). CH- stretch (methyl- and methylene groups) at 2938 cm-1 was not
observed on days 28 and 56. Aromatic skeletal vibration plus C=O stretch at 1593 cm-1
was higher than CH deformation (cellulose and hemicellulose) at 1372 cm-1 and C-O-C
vibration (cellulose and hemicellulose) at 1157 cm-1 on day 0. CH deformation (cellulose
and hemicellulose), however, appeared stronger than aromatic skeletal vibration plus
C=O stretch and C-O-C vibration on days 28 and 56.
FT-IR spectra of leachates from MDF only (treatment 2), on days 0, 28, and 56,
indicated an O-H stretch and CH- stretch in methyl- and methylene groups, that appeared
to be similar to those found in soil only (treatment 4). FT-IR spectra were similar
overtime. Strong bands at 1650 cm-1 and 1550 cm-1 were observed at all sampling times
while bands at 1100 - 1400 cm-1were weak (Figure 4.18d).
FT-IR spectra of leachates from cured UF resin in soil (treatment 3) are shown in
Figure 4.18. The O-H stretch peak was split into two bands on days 0 and 56 but not on
day 28. Aromatic skeletal vibration plus C=O stretch, CH deformation (cellulose and
hemicellulose), and C-O-C vibration (cellulose and hemicellulose) were observed as
strong absorption bands. On day 28, C-O-C band (cellulose and hemicellulose) was
weaker than day 0 and then increased to the intensity on day 0 at the end of study.
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Figure 4.17
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FT-IR spectra of leachates from (a) soil only, (b) UF resin in soil, (c) MDF in soil, and (d) MDF only on days 0, 28, and
56.

Gel Permeation Chromatography
The purpose of this experiment was to evaluate molecular weight distributions in
leachates from the simulated landfill over 56 days using the size exclusion
chromatography. Six molecular weight (MW) standards were used to investigate the
molecular weight distribution of the leachates. The retention time for the highest MW
standard (MW = 2,000,000) was 13.6 minutes, which indicates the void volume in this
GPC column, while retention time for the smallest, glycol, (MW = 62.07) was 21.3
minutes. The leachate from all treatments (MDF in soil, MDF only, UF resin in soil, and
soil only) contained compounds which had a wider range of molecular weight
distribution than the standards. This means that the leachates obtained from this study
may contain a lot of hydrophobic materials, but water-soluble. These materials may
adsorb onto the GPC column packing material causing longer retention times. Therefore,
determination of the water-soluble materials’ molecular weight in the leachate sample
was not successful. Nevertheless, the GPC chromatogram does indicate change in
molecular weight distribution of compounds in leachate overtime.
GPC results of leachates from MDF in soil (treatment 1), MDF only (treatment 2),
UF resin in soil (treatment 3), and soil only (treatment 4) with respect to retention time on
days 0, 28, and 56 are shown in Figure 4.19. Based on retention times, in soil only
(treatment 4), the molecular weight distribution and peak at 19.5 minutes were similar at
all sampling times. This indicates that the molecular weight of compounds from soil only
(treatment 4) leachate did not changed overtime.
Lower molecular weight compounds were observed from MDF in soil (treatment
1). The peak at 23.5 minutes on day 0, then shifted to the left at 21.5 and 20.2 minutes
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(day 28 and 56 respectively). The compounds’ molecular weight distribution changed
from lower to higher in MDF in soil (treatment 1).
In addition, a lower molecular weight distribution of compounds was observed on
MDF only (treatment 2, 23.5 minutes) compared to soil only (treatment 4, 19.5 minutes)
on day 0. The peak shifted to the left slowly overtime which means higher molecular
weight compounds leaching on day 28 and 56 than the first sampling time.
In UF resin in soil (treatment 3) leachate, the peak was observed at 19.5 minutes
on day 0 which was the same as soil only (treatment 4) and then the peak was detected at
21 and 23 minutes on days 28 and 56, respectively. In comparison to MDF amended
treatments, 1 and 2, the peak shifted to the right which means molecular weight shifted
from higher to lower.
Based on GPC results of leachates, MDF may contribute to producing a lower
molecular weight compounds in leachates from the initial period due to the leachate
containing water-soluble materials that originated from MDF and soil, and degrading
products of the UF resin. On the other hand, UF resin may not contribute to the change
in molecular weight distribution from the initial period, but overtime, it may affect the
molecular weight distribution of compounds in the leachates.
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Figure 4.18
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GPC results of leachates from (a) soil only, (b) UF resin in soil, (c) MDF in soil, and (d) MDF only on days 0, 28, and
56.

Elemental Analysis of Leachate
The purpose of this experiment was to analyze the contents of nitrogen, carbon,
sulfur, and hydrogen in leachates from the simulated landfill over 56 days (in phase II).
Figure 4.20(a) indicates the percentage of nitrogen in the leachate on day 0, 28, and 56.
Higher percentage of nitrogen was analyzed in MDF in soil (treatment 1) and MDF only
(treatment 2) than soil only (treatment 4) at all sampling times.
In MDF only (treatment 2), nitrogen was reduced by 6% at the end of study, while
nitrogen in MDF with soil (treatment 1) was constant overtime. In soil only (treatment
4), nitrogen increased by 3% during the 56 day study.
Figure 4.20 (b) shows the change of carbon in percentage from leachate on day 0,
28, and 56. Higher percentage of carbon was found in MDF only (treatment 2) than
MDF in soil and soil only (treatment 1 and 4, respectively) at all sampling times. The
leachate of MDF only (treatment 2) may contain more water-soluble carbon materials
from MDF than MDF in soil (treatment 1), so a higher percentage of carbon was
observed. In MDF only (treatment 2), the percentage of carbon increased 7% overtime,
while the percentage of carbon in MDF in soil (treatment 1) and soil only (treatment 4)
decreased by 80% and 71%, respectively, overtime. The large reduction of % carbon in
leachates from MDF in soil and soil only treatments may be caused by the emission of
carbon through air by methane formation by anaerobic digestion of carbon sources
leaching from MDF.
The change in % sulfur in leachates on day 0, 28, and 56 is shown in Figure 4.20
(c). Soil only (treatment 4) contained more sulfur (average 4.01%) than MDF in soil
(average 1.16%, treatment 1) and MDF only (average 1.36%, treatment 2). Figure 4.20
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(d) shows the percentage of hydrogen content in leachate on day 0, 28, and 56. Hydrogen
content was constant in all treatments except MDF in soil (treatment 1) which was
reduced by 50% overtime.
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Chemical Composition of MDF
Chemical compositions of MDF disposed in a simulated landfill for 77 days are
shown in Table 4.8. More than 70% present of cold-water extract was reduced on day 35
(Table 4.8). However the percentages of cold-water extracts on day 35 and 77 samples
were not much different from each other. This indicates that most of the cold-water
soluble materials were washed out during the first 35 days.
Approximately 54% of the hot-water extract was reduced during the first 35 days
and remained at that level through the 77 day study (Table 4.8). In this study, MDF had
16.84% hot-water extract on day 0 and then 7.60% on day 56. According to Pettersen
(1984), the normal range of hot-water extract from natural wood samples is 2.0% to 14%.
Hot water can extract some inorganic salts and low molecular weight polysaccharides
including gums and starches and contains hemicelluloses such as the arabinogalactan
gum present in larch wood (Pettersen 1984). During the 35 days, it appears that most of
hot water soluble materials were removed by DI water.
One percent sodium hydroxide (1% NaOH) solution can extract low molecular
weight carbohydrates consisting mainly of hemicellulose and degraded cellulose
components in wood. Also, 1% NaOH extract can indicate the degree of fungal decay or
of degradation by heat, light, and oxidation. In other words, an increase in the 1% NaOH
extract may represent an increase in wood decay or degradation (Morgan 1931 and
Procter et. al. 1973). During the 35 days, 33% of 1% NaOH extract was reduced while a
10% reduction occurred from day 35 to the end of study. After 35 days, degradation by
bacteria and fungus may have started.
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Dichloromethane, a non-polar solvent, extracts fats, resins, oils, sterols, terpenes,
and most organic materials which are insoluble in water (Pettersen 1984). Based on this
experiment, approximately 78% of the dichloromethane extract was removed on day 35
and another 25% were removed on day 77 (Table 4.8). Approximately 83% of
dichloromethane extract was removed overtime.
Holocellulose is the total polysaccharide including cellulose and hemicelluloses
of wood. These holocelluloses were obtained after degradation of lignin using strong
oxidants such as ClO2 and Cl2. Sodium chlorite (NaClO2) is a popular bleaching agent
that works well under acidic conditions and high temperatures. Initially, MDF contained
63.46% of holocellulose and then slightly increased by 2 - 3% overtime, as shown in
Table 4.8. This indicates during the 77 day experiment, degrading of cellulose and
hemicelluloses was minimal.
For lignin determination, a 72% sulfuric acid solution was used for the first
hydrolysis to decompose the polysaccharides from wood. Based on these results, Klason
lignin and acid-soluble lignin increased slightly but did not significantly change overtime.
Lignin is difficult to degrade under natural environmental conditions due to its aromatic
structure. Therefore 77 days may not have been sufficient time to degrade lignin.
On day 35, the ash content doubled compared to week 0 more than likely because
of the removal of water and solvent soluble materials which caused increase in the ash
content. Ash is usually less than 1% in wood (Pettersen 1984). After wood is burned, the
remaining materials are minerals.
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Table 4.7

The results of chemical composition of MDF from the treatments in phase I
during 77 days
%

Day 0

Extractives
Cold water
11.92
Hot water
16.84
1% NaOH
30.02
Dichloromethane
1.85
Holocellulose
63.46
Lignin
Klason lignin
21.63
Acid-soluble
0.48
Total
22.11
Ash
0.76
*Total lignin = Klason + acid-soluble lignin.

Day 35

Day 77

3.54
7.73
19.78
0.44
66.26

3.96
7.60
18.19
0.32
65.49

22.44
0.50
22.94
1.74

22.66
0.51
23.17
1.71

The elemental content values (N, C, S, and H) in MDF may show the UF resin
degradation by changes in the total nitrogen content and MDF degradation by changes in
the total carbon content. Figure 4.21 shows the % nitrogen, carbon, sulfur, and hydrogen
of MDF disposed in soil (treatment 1) and MDF only (treatment 2) from phase II study
for 56 days. Nitrogen in MDF in soil (treatment 1) slowly decreased from 3.43% to
2.03% at the end of study while nitrogen also decreased from 3.43% to 2.70% in MDF
only (treatment 2) on day 56. Although both MDF disposed in soil (treatment 1) and
MDF only (treatment 2) show decreasing trends in % nitrogen and % carbon values
overtime, the reductions of nitrogen and carbon in MDF were similar. Based on the
elemental analysis of MDF in soil or MDF only, MDF samples were not significantly
decomposed but soil may block the leaching of elements originated from the MDF. In
comparison, MDF alone in the ambient environment may decompose by aerobic bacteria
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or fungi, but the decomposing process may be different from environmental condition in
soil.
In summary, through the first 35 days, most of the water (hot and cold), 1%
NaOH, and dichloromethane soluble materials from MDF disposed in a simulated landfill
were rinsed out by watering. However, holocellulose, Klason and acid soluble lignin,
and ash content increased or constant while water and solvent soluble materials decreased
overtime.
The chemical analysis of MDF disposed in a simulated landfill for 77 days
provides useful information for wood decomposing in a landfill. In formaldehyde
leaching experiments, the leachate data indicated that after 28 days, formaldehyde
emission level in leachate was close to the soil control. Therefore, most of the free
formaldehyde probably was rinsed out with water-soluble components by watering. The
chemical analysis showed a significant reduction in water, 1% NaOH, and
dichloromethane soluble materials. However, the formaldehyde bonded with the UF resin
still remains in MDF, and cured UF resin will most likely be degraded by
microorganisms over time and formaldehyde will be emitted very slowly.

88

(c)

Figure 4.20
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Morphological properties of MDF
The monthly change in morphological properties of MDF disposed in soil or
MDF only was accessed using an environmental scanning electron microscope over 56
days. No fungal hyphae were observed on MDF disposed in soil (treatment 1) and MDF
only (treatment 2) at any sampling time (Figure 4.22 and 4.23). Damaged by mechanical
processes or manufacture processes such as grinding, heating, and cutting were only
observed on all samples overtime.

Figure 4.21

Environmental scanning electron micrographs of MDF in soil; (a) image on
day 0, (b) on day 28, and (c) on day 56.
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a)

b)

c)
Figure 4.22

Environmental scanning electron micrographs of MDF in soil; (a) x 10,000
on day 0, (b) x 5,000 on day 28, and (c) x 5,000 on day 56.
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CHAPTER V
CONCLUSION



Air emission of formaldehyde was detected from all treatments at the
end of the study (28 days) which indicates formaldehyde is emitted
slowly overtime from MDF disposed in soil or MDF only. There was
significantly less formaldehyde emitted from soil amended MDF
treatments than MDF only treatments, and therefore formaldehyde
emission in air was greatly restricted by the soil. Different sizes of
MDF disposed in soil (ground and cut pieces) did not affect
formaldehyde emission in air. The concentration of formaldehyde in
air was detected at levels causing health issues. Sampling however
occurred continuously for 4 hours. This experimental design would
represent perhaps the worst-case scenario.

Future studies should

include on-site and real-time monitoring in order to help to better
understand formaldehyde emission in air.


Most free formaldehyde from MDF disposed in soil leached within 28
days and the formaldehyde concentration in soil amended with MDF
was the same as the natural soil. However, MDF only treatments
continuously produced formaldehyde at the end of the study. At the
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end of study, leachates from soil amended MDF and soil only
treatments could be drinkable based on formaldehyde concentration.
The leachate data also indicated that soil may restrict formaldehyde
leaching or may convert formaldehyde to other compounds. Future
studies should include the soil chemistry in order to better understand
the effect of formaldehyde concentration in the leachate.


Similar concentrations of formaldehyde were observed between soil
and leachate in each treatment because formaldehyde was analyzed
after adding water to the soil. The soil was saturated with water and
then the leachate was collected. However after collecting the leachate,
the soil was analyzed and found to contain residual formaldehyde.
For a better understanding of formaldehyde’s lifetime in soil,
additional experiments will be needed such as formaldehyde
migration, reduction, and degradation in soil over time.



The pH of leachates from treatments containing MDF was initially
lower than soil due to the acid catalyst in MDF. However, the pH of
leachates from treatments containing MDF increased from acidic to
neutral in the soil only treatment at the end of study. Soil may help to
increase the pH of the leachates from MDF in soil to neutral overtime.



During the 56 days, 74% of relative toxicity was reduced in MDF only
(treatment 2) while 97% was reduced in MDF in soil (treatment 1).
Toxicity data indicated that trapping the formaldehyde by the soil and
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subsequent formaldehyde concentration reduction may have caused
the reduction in the relative toxicity of leachate.


The leachates from treatments containing MDF and soil have a much
higher BOD and COD than soil only and MDF only. MDF causes an
increase in BOD and COD most likely because MDF provides a
carbon source for growth of microorganisms and soil is a source of a
large number of microorganisms that can degrade carbon increasing
the oxygen demand and the BOD. Based on BOD and COD results,
the leachates from treatments containing MDF and soil or MDF only
were not drinkable at all sampling times.



Bacterial populations increased in all treatments overtime.

The

bacterial populations in leachate from MDF in soil were lower than
other treatments: soil only, MDF only, and UF resin in soil even
though BOD was higher in the MDF in soil treatment. For future
studies, bacteria identification, gene expression and enzyme activity
will be needed to determine how the microbial community reacts to
the MDF.


Each leachate contains different chemical compounds based on FT-IR
and GPC data. From the GPC experiment, molecular weights could
not be calculated, but changes in molecular weights distribution of
compounds in leachates with respect to time were observed. Based on
GPC analysis of leachates, MDF may contribute to producing a lower
molecular weight of compounds in the leachate. For future
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experiments, a more suitable GPC column or elution buffer may
possibly solve these issues.


Based on elemental analysis, UF resins in MDF resulted in a higher %
nitrogen in the leachate than leachate from soil only. The UF resin in
MDF disposed in soil was continuously broken down and contributed
to the increase in % nitrogen in the leachate overtime, so the %
nitrogen of MDF decreased overtime.

Over 56 days, an 80%

reduction of carbon in leachate from the MDF in soil was determined
while a 71% reduction was obtained in leachate from MDF only. This
indicates that the reduction in leachate was caused by emission of
carbon through air, which may have resulted in methane formation by
anaerobic digestion of carbon sources leaching from MDF. For future
studies, the determination of methane and hydrogen emission will be
needed for better understanding of MDF decomposition in soil.


The

percentage

of

cold

and

hot

water,

1%

NaOH,

and

dichloromethane extractives from MDF disposed in a simulated
landfill decreased weekly. Due to the watering, most of the watersoluble materials were eluted in leachate during the first 35 days.
However, holocellulose, Klason and acid-soluble lignin, and ash
contents increased which means hemicellulose, cellulose, and lignin
were not degraded over 77 days. For future studies, longer sampling
times are needed in order to determine if decomposed wood
components or resin, will increase in leachates. As was observed in
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the

formaldehyde

concentration

in

leachates,

most

of

free

formaldehyde in the soil was removed with water-soluble materials on
days 28 or 35.


No fungal hyphae and signs of decay by fungi were observed on MDF
disposed in soil (treatment 1) and MDF only (treatment 2) at any
sampling times according to SEM, damage may have come from
mechanical processes or manufacture processes.
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